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PREFACE 


The author’s approach to electronic circuit design, which first 
appeared in his best seller Handbook of Simplified Solid-State Circuit Design 
(Prentice-Hall, Inc., Englewood Cliffs, N.J., 1971), is to start with approxi- 
mations or guidelines for the selection of circuit component values on a 
trial basis, assuming a specified design goal and a given set of conditions. This 
handbook follows the same design approach and concentrates on simple, 
practical approaches to electronic circuit design, not on circuit analysis. 
Theory is included only where required for practical design. 

With any electronic circuit it is possible to apply certain guidelines for the 
selection of component values. These guidelines can then be stated in basic 
equations requiring only simple arithmetic for their solution. The component 
values will depend upon transistor characteristics, available power source, 
desired performance (voltage amplification, stability, etc.), and external cir- 
cuit conditions (input/output impedance match, input signal amplitude, etc.). 

Transistor characteristics are to be found in the manufacturer’s datasheets 
and other literature. The electronic circuit characteristics can be determined 
based on reasonable expectations of the transistor characteristics. Often, the 
final circuit is a result of many tradeoffs between desired performance and 
available characteristics. This handbook discusses the problem of tradeoffs 
from a simplified, practical standpoint. 

It is assumed that the reader is already familiar with transistor basics 
(including two-junction transistors, FETs, and UJTs) at a level found in the 
author’s. Handbook for Transistors (Prentice-Hall, Inc., Englewood Cliffs, 
N.J., 1976). It is especially important that the reader be able to interpret 


xi 


xii Preface 


transistor datasheets. However, no direct reference to any of the author’s 
previous books is required to understand and use this book. 

A wide range of electronic circuit designs is covered. A detailed listing 
can be found in the table of contents. In brief, this book covers the design of 
filters, attenuators, amplifiers (AF and RF), wave generators, phototransistor 
circuits, switching, and oscillator circuits. 

Since this handbook does not require advanced math or theoretical 
study, it is ideal for the experimenter. On the other hand, this handbook is 
suited to schools where the basic teaching approach is circuit analysis, and 
a great desire exists for practical design. 

The author has received much help from various individuals and organi- 
zations in writing this handbook. He wishes to give special thanks to the 
following: the Semiconductor Products Department of General Electric, 
the Semiconductor Products Division of Motorola Inc., the Components 
Group of Texas Instruments, and the Solid State Division of Radio Corpora- 
tion of America. The author also wishes to thank Mr. Joseph A. Labok of 
Los Angeles Valley College. 


JouN D. LENK 


1 FILTER AND ATTENUATOR 
CIRCUIT DESIGN 


The primary purpose of a filter is to discriminate against the 
passage of certain groups of frequencies while simultaneously passing other 
groups or portions of the frequency spectrum. Although filter circuits range 
from the very simple to the very complex, there are only two basic types of 
filters, active and passive. The active filters described here are essentially a 
solid-state frequency-selective amplifier stage. The passive filters are either 
RC (resistor-capacitor), used primarily for low- or audio-frequency applica- 

_ tions, or LC (coil-capacitor), for use at higher frequencies. Filters can also be 
classified by the frequencies that they are designed to pass or reject. The four 
most common filter classifications are as follows: 


1. A low-pass filter is one that passes all frequencies below a selected value 
and attenuates higher frequencies. The low-pass filter is also known as a 
high-cut filter. 

2. A high-pass filter is one that passes all frequencies above a selected value 
and attenuates lower frequencies. The high-pass filter is also known as a 
low-cut filter. 

3. A band-elimination filter, also known as a band-stop, band-rejection, or 
band-suppression filter, is one that suppresses a selected band of fre- 
quencies while passing all lower and higher frequencies. 

4, A band-pass filter is one that passes a selected band of frequencies while 
rejecting all lower and higher frequencies. 


Like filters, attenuators function to diminish signal-strength level but not 
on a frequency-selective basis. Attenuators, as described here, are resistive 
networks designed to diminish signal strength and to match dissimilar 
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impedances. The terms attenuator and pad are synonymous. However, a pad 
may or may not provide some attenuation, whereas an attenuator always 
provides some attenuation. 

The attenuators and pads discussed here use fixed resistors and may be of 
two types: the asymmetrical, in which the input and output impedances are 
not the same, and the symmetrical, which have identical input and output 
impedances. In general, asymmetrical pads are used for impedance matching, 
but may also provide some attenuation. The symmetrical pads are used 
primarily as attenuators between two devices with equal impedances. 


1-1. AC FILTERS 


The use of resistance-capacitance (RC) filters is the simplest 
way to filter audio-frequency signals. Low frequencies are removed by a 
series capacitor and shunt resistor (Fig. 1-1), and high frequencies are filtered 
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Figure 1-1 Basic high-pass (low-cut) AC filter 
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Figure 1-2 Basic low-pass (high-cut) AC filter 


by interchanging the resistor and capacitor (Fig. 1-2). The filters in Figs. 1-1 
and 1-2 are essentially RC circuits with the following three factors: resistance, 
reactance, and impedance. The amount of attenuation produced by RC 
filters is dependent on the ratio of resistance or of reactance to impedance. 

In the high-pass (low-frequency attenuation) circuit in Fig. 1-1, input 
voltage is applied across both the resistor and the capacitor. Output voltage 
appears across the resistance. As frequency decreases, reactance increases, as 
does the impedance. Since the input voltage remains constant, the current 
through the circuit decreases (J = E/Z) with an increase in impedance. 
Therefore, the current through the resistance decreases and the output voltage 
drops. In a high-pass RC circuit, the attenuation is calculated by 


Output voltage = input voltage x 2 
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Since the value of Ris fixed—for practical purposes—and the value of Z varies 
indirectly with frequency, the voltage output varies directly with frequency 
(output voltage drops with decreases in frequency). 

In the low-pass (high-frequency attenuation) circuit in Fig. 1-2, the input 
voltage is applied across both the resistor and the capacitor. Output voltage 
is taken across the capacitor. As frequency increases, the reactance decreases, 
as does the impedance. However, since the impedance is composed of both 
reactance and fixed resistance, the impedance does not decrease as much as 
the reactance. Therefore, the decrease in reactance (in relation to impedance) 
causes the voltage output to decrease. In a low-pass RC filter circuit, the 
attenuation is calculated by: 


Xe 


Output voltage = input voltage x z 


Since the reactance varies at a greater rate than the impedance, the 
voltage output varies directly with frequency (voltage drops with increases in 
frequency). 


1-1.1. Design Considerations for RC Filters 


Filter attenuation is rated in terms of decibel drop at a given 
frequency. Generally, RC filters are designed to produce an approximate 
3-dB drop (to 0.707 of input) at a selected cutoff frequency. However, some 
RC filters are designed to produce a 1-dB drop at the cutoff frequency. The 
equations for both the 1-dB and 3-dB drops are given in Figs. 1-1 and 1-2. 

In any RC filter, either the capacitor or the resistor value could be 
assumed to find the other value for a given cutoff frequency. In practical 
design the resistance value is usually assumed, because the resistor is chosen 
to meet the other circuit requirements. For example, the resistance in a high- 
pass filter may also form the circuit’s input or output impedance. 


1-1.2. Band-Pass RC Filters 


Both the high-pass (low-cut) and low-pass (high-cut) filter 
circuits can be combined to provide a band-pass RC filter, as shown in Fig. 
1-3. As a guideline, the high-frequency limit (F,,) must be at least 10 times the 
low-frequency limit (F,) for such a band-pass circuit to be effective. If the 
high- and low-frequency limits are not greater than 10 to 1, there will be 
considerable interaction between the combined circuits. Even with a 10-to-1 
ratio, some interaction may occur. Thus, the equations in Fig. 1-3 are 
approximate. 


Sec,-1-2 LC Filters 5 


R,= input impedance 
Out 
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of 6.28 


Fi.+ Fg 
Cg (in farads) = €.28F,R, Re (for 3 dB) 
Co (in farads) = SBBR RF Ral (for 3 dB) 
Figure 1-3 Basic band-pass AC filter 


1-1.3. Multistage RC Filters 


A single RC filter will provide a gradual transition from the 
passband to the cutoff region. If a rapid transition is necessary for design, two 
or more RC filter stages can be combined, as shown in Fig. 1-4. The increase 
in attenuation at the cutoff frequency, and at frequencies above and below the 
cutoff point, for a two-stage high-pass filter are shown in Fig. 1-5. A similar 
curve for a two-stage low-pass filter is shown in Fig. 1-6. Any number of 
stages may be added to an RC filter. As a guideline, each stage will increase 
the attenuation by 6 dB at the cutoff frequency. 


1-2. LC FILTERS 


The most precise filters are composed of inductors (coils) and 
capacitors. An LC filter can also include resistors. The input and output 
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Figure 1-4 Basic multistage AC filters 
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| 
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Figure 1-6 Voltage loss curves A 
for low-pass AC filter stages > cutoff frequency 4 2x Cutoff frequency 


connections of most LC filters are terminated in source and load resistances, 
or by impedances equal in value to the impedance of the filter. Except for 
special applications, it is not practical to use LC filters for audio frequencies. 
The inductances required at low frequencies are quite large, and therefore 
heavy and bulky. 


1-2.1. Low-Pass LC Filter 


Figure 1-7 shows a typical low-pass LC filter in its simplest 
form, the basic L configuration. All LC filters take advantage of the fact that 
capacitors and coils operate inversely in the presence of alternating current. 
That is, inductive reactance increases with frequency, and capacitive reactance 


Ly 
i RorZ 


~< Cutoff 
frequency 


Fe 
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erate REA 
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Figure 1-7 Basic L low-pass 1 age 
constant-X filter GR 3:4FoR RoZe/e 
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decreases with frequency. Thus in the low-pass LC filter, the parallel unit (a 
capacitor across the line) has a decreasing reactance as frequency is increased. 
This acts to bypass high frequencies, but has an increasing reactance to low 
frequencies. The series unit (a coil in the line) has an increasing reactance to 
high frequencies but passes the low frequencies. 

‘In most LC filters, the product of the impedances presented by the 
capacitance and inductance remains constant with changes in frequency 
(because of the inverse change in reactance). For example, if capacitive 
reactance goes down for a given increase in frequency, the inductive reactance 
goes up by a corresponding amount. The characteristic impedance of the 
filter remains constant—hence the name constant-K filter. 

One of the problems with the basic L-type filter is that it does not provide 
sharp cutoff frequency (f,). To increase cutoff frequency sharpness, another 
coil can be added to the basic L configuration, as shown in Fig. 1-8. Such a 
filter is known as the 7-type because of its appearance. In a 7 filter, the value 
of capacitor C does not change from that of a basic Z configuration, and the 
basic equations are the same. The total inductance of L, and L, must be 
equivalent to that of the single coil in a basic Z configuration. Usually the 
desired total inductance is divided evenly between the two coils, so each coil 
in a T-type low-pass filter has one-half the total desired inductance. 

Frequency sharpness can also be increased by adding another capacitor, 


(3) (3) 


RorZ 


Fo 


Frequency 
R 1 
Total L® =73—7— 3s > 
ofl  S 314Fe fo® sa Jie 
Oe age Roz x / 
1™ 3.14FOR C 


Figure 1-8 7-type low-pass constant-X filter 
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Figure 1-9 Pi-type low-pass constant-X filter 


as shown in Fig. 1-9. Such a filter is known as the Pi-type. In a Pi-type LC 
filter, the value of ZL does not change, but the total capacitance of C, and C, 
must be equivalent to that of the single capacitor in a basic L configuration. 
Usually the desired total capacitance is divided evenly between the two 
capacitors, so each capacitor in a Pi-type low-pass filter has one-half the total 
desired capacitance. 


1-2.2. High-Pass LC Filter 


Figure 1-10 shows a typical high-pass filter in its simplest 
form, the basic Z configuration. High-pass filters also take advantage of the 
fact that the capacitors and coils operate inversely in the presence of alter- 
nating current. Thus, in a high-pass LC filter, the series unit (a capacitor in the 
line) has a decreasing reactance as the frequency is increased. The series unit 
passes high frequencies but offers an increasing reactance to low frequencies. 
The parallel unit (a coil across the line) bypasses low frequencies but has an 
increasing reactance to high frequencies. Most high-pass LC filters are of the 
constant-K type described in Sec. 1-2.1. 

To increase cutoff frequency (f,) sharpness, another capacitor can be 
added to the basic L configuration, as shown in Fig. 1-11. Such a filter is 
known as the 7-type. In the T filter, the value of coil L does not change from 
that of the basic ZL configuration, and the basic equations are the same. The 
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Figure 1-10 Basic £ high-pass constant-X filter 
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Figure 1-11 7-type high-pass constant-K filter 
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total capacitance of C, and C, must be equivalent to that of the single 
capacitor in the basic L configuration. Usually the desired total capacitance 
is divided evenly between the two capacitors, so each capacitor in the T-type 
high-pass LC filter has‘twice the total desired capacitance. 

Frequency sharpness can also be increased by adding another coil, as 
shown in Fig. 1-12. Such a filter is known as the Pi-type. In a Pi-type LC 
filter, the value of C does not change, but the total inductance of L, and L, 
must be equivalent to that of the single coil in a basic L configuration. 
Usually the desired total inductance is divided evenly between the two coils, 


so each coil in the Pi-type high-pass LC filter has twice the total desired 
inductance. 
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Figure 1-12 Pi-type high-pass constant-X filter 


7-2.3. Band-Elimination LC Filter 


The band-elimination filter takes advantage of the different 

impedance characteristics of series- and parallel-resonant LC circuits. A 

parallel LC circuit has maximum impedance at the resonant frequency. A 
series LC circuit has minimum impedance at the resonant frequency. 

These two LC circuits are combined in the band-elimination filter circuit 

in Fig. 1-13. The series arm has minimum impedance at the center frequency 
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Figure 1-13 Band-elimination filter circuits 


of the desired band. The impedance increases on either side of resonance. 
This acts to bypass the center frequency. 

The parallel arm has maximum impedance at the center frequency, with 
the impedance decreasing on either side of resonance. This prevents. passage 
of the center frequency as well as a band of frequencies on either side. 
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1-2.4. Band-Pass LC Filter 


The band-pass filter takes advantage of the differing impedance 
characteristics of series- and parallel-resonant circuits. A parallel LC circuit 
has maximum impedance at the resonant frequency. A series LC circuit has 
minimum impedance at the resonant frequency. 

These two LC circuits are combined in the band-pass filter in Fig. 1-14. 
The series arm has minimum impedance at the center frequency of the 
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Figure 1-14 Band-pass filter circuits 
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desired band. The impedance increases on either side of resonance. This acts 
to pass the center frequency and to reject frequencies above and below the 
center frequency. 

The parallel arm has maximum impedance at the center frequency, and 
the impedance decreases on either side of resonance. This acts to bypass 
frequencies above and below the center. Therefore, both the series and 
parallel arms provide passage of the center frequency as well as a band of 
frequencies on either side of center. , 


“4-2.5. Low-Pass m-Derived LC Filter. 


When a sharper and more defined cutoff point is required than 
can be obtained from the constant-X filter, an m-derived filter is used. The 
m-derived filter is a basic constant-K type filter with the addition of another 
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Figure 1-15 Low-pass m-derived filter circuits 
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component in series or shunt. This is shown in Fig. 1-15(a), where inductance 
L, is added to the original half-section low-pass filter as in Fig. 1-7. In the 
circuit of Fig. 1-15(a), C, and L, will be resonant for a particular frequency 
and will provide a low-impedance shunt. The m-derived filter is so designed 
that infinite attenuation is obtained at a specific frequency beyond cutoff 
frequency (f,). The component impedances are interrelated by the m-constant 
which, in equation form, is related to the ratio of the cutoff frequency (/,) and 
the frequency of infinite attenuation (f,,;). The m-constant is a fractional 
number between 0 and 1 and usually has an approximate value of 0.6. For a 
more pronounced cutoff, the m-constant is set nearer to 0. 


1-2.6. High-Pass m-Derived LC Filter 


As discussed for the low-pass filter, m-derived sections are also 
used in place of the high-pass constant-K types when a sharper and more 
defined cutoff point is required. The additional components of C, and L, are 
shown in Fig. 1-16. 
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Figure 1-16 High-pass m-derived filter circuits 
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1-2.7. Frequency Calculations for m-Derived LC Filters 


Unlike the equations used to calculate the frequency in the 
simple constant-K filters, the equations used to calculate the frequency in 
m-derived filters are different for shunt-derived and series-derived. When the 
reactance is added to the series arm, the filter is said to be shunt-derived. When 
the reactance is added to the shunt arm, the filter is called series-derived. 

The equations for frequency calculation of. various m-derived filter 
circuits are given in Figs. 1-17 through 1-20. 
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Figure 1-17 Low-pass series-derived filter circuits 
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Figure 1-18 Low-pass shunt-derived filter circuits 
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Figure 1-19 High-pass series-derived filter circuits 
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Figure 1-20 High-pass shunt-derived filter circuits 


1-3. ACTIVE FILTERS 


In addition to passive filters (either LC or RC), it is possible to 
use amplifiers to form active filters. There are two prime advantages in using 
these active filters. First, it is possible to obtain the equivalent of an inductive 
reactance without actually using a heavy and bulky inductance usually 
required for a typical LC audio filter. (LC filters are generally not practical in 
the audio-frequency range.) Second, the use of an active filter eliminates the 
signal loss normally associated with passive filters (either RC or LC). 


18 Filter and Attenuator Circuit Design Chap. 1 


1-3.1. Active Low-Pass (High-Cut) Filter 


Figure 1-21 shows the basic circuit of an active low-pass filter 
together with the corresponding characteristic curves for several sets of 
component values. Note that these values are approximate and will usually 
require trimming to achieve an exact curve. The typical voltage gain is 
slightly less than 1 (unity) for transistors with a minimum f of 20. 

The amount of gain and the shape of the curves are set by the amount of 
feedback in relation to signal (which, in turn, is set by component values). 
Note that the feedback is positive, and thus adds to the signal. However, the 
feedback amplitude (across the entire frequency range) is just below the point 
necessary for oscillation. The circuit in Fig. 1-21 is an emitter follower, which 
typically has no voltage gain. 

The circuit in Fig. 1-21 requires a bias of approximately —10 V (one-half 
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Figure 1-21 Active low-pass (high-cut) filter and corresponding re- 
sponse curves 
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the —20-V supply) at the input. This can be obtained from a previous stage. 
If no such stage exists, the bias can be obtained by the addition of the 20-kQ 
resistor (shown in phantom as R,) and by changing the value of R,x to 20 kQ. 
Such an arrangement will introduce a loss of about 6 dB. Thus, it is better to 
operate the circuit in Fig. 1-21 by direct coupling from the output of a 
‘previous stage. 


1-3.2. Active High-Pass (Low-Cut) Filter 


Figure 1-22 shows the basic circuit of an active high-pass filter, 
together with characteristic curves, The circuit of Fig. 1-22 is the inverse of 
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Figure 1-22 -Active high-pass (low-cut) filter and corresponding curves 
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the Fig. 1-21 circuit. That is, the Fig. 1-22 circuit used capacitors in series 
with the base, with feedback obtained through R, rather than Cy. The gain 
and shape of the curves are set by the amount of feedback (determined by 
circuit values). 


1-3.3. Active Band-Pass Filter 


The circuits in Figs. 1-21 and 1-22 can be cascaded to provide a 
band-pass filter. Any of the curves can be used. However, curve 3 is the most 
satisfactory because it has the sharpest break at cutoff. Curves 1 and 2 have 
considerable slope with no sharp break, and curve 4 prodives some peaking 
at the breakpoints. 

If the circuits are cascaded, the low-pass filter (Fig. 1-21) should follow the 
high-pass filter (Fig. 1-22). This provides the necessary bias at the input of the 
low-pass filter (—10 V from the emitter of the high-pass filter). 


1-3.4. Active Peaking Filter 


The circuits of Figs. 1-21 and 1-22 can be cascaded to provide a 
peaking filter with the proper selection of components. However, a single- 
stage tuned amplifier will produce the same results. Such a circuit is shown in 
Fig. 1-23. 

As shown by the characteristic curve, the center, or peak frequency, is 
approximately 1 kHz. If desired, the center frequency can be changed by as 
much as 3 decades when both capacitors are changed by a common factor. 
However, in a practical circuit, the input resistance values will require some 
trimming. 


1-4. ATTENUATORS 


Although there are any number of attenuator, or pad, circuits, 
they are generally versions of a few basic types. The basic types include the 
L-, U-, T-, O-, H-, and Pi-types. In general, the Z- and U-pads are assymetrical 
(for impedance matching), and the T-, O-, H-, and Pi-types are symmetrical 
(for attenuation). 


1-4.1. Asymmetrical L- and O-Pads 


The basic L-type pad shown in Fig. 1-24 is an asymmetrical pad 
used to match impedance of an input source to that of an output source. This 
provides a smooth transition between devices of different characteristic 
impedances, with each device encountering a total impedance equal to its: 
own characteristic impedance. Although a certain amount of signal attenua- 
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Figure 1-23 Active peaking filter and corresponding response curve 
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Figure 1-24 Basic L-type pad and calculations 
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tion is usually required to make this transition, the pad in Fig. 1-24 will 
introduce a minimum of loss while performing its impedance-matching 
function. 

If Z, (input) has a lower impedance with respect to Z, (output), the 
relationships and equations are as shown in Fig. 1-24. In practice, the 
standard resistor values that are closest to the calculated values are used for 
R, and R,. 

A balanced arrangement of the L-type pad is shown in Fig. 1-25. Here, 
each series resistor has one-half the value of R,, shown originally in Fig. 1-24. 
When the pads are placed in cascade, as in Fig. 1-25(b), the network is 
sometimes referred to as a ladder pad. The basic pad of Fig. 1-25 is often 
known as a U-pad (because of its shape). 


Fe 
2 
MAA 
Z ee 
_Input R, oufput 
(low impedance) Reo (high impedance) 
3 : 
(a) (U-pad) 


(b) (Ladder—pad) 


Figure 1-25 Balanced minimum-loss U-pad and ladder-pad 


1-4.2. Symmetrical T- and H-Pads (Attenuators) 


The 7-pad, shown in Fig. 1-26, is a symmetrical pad where the 
impedance of the input device matches that of the output device. The only 
function of the T-pad is attenuation of the signal. Since impedance matching 
is not involved, the values of all R, resistors are identical, and the values of 
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R, and R, are chosen to provide the degree of attenuation desired. The 7-pad 
in Fig. 1-26(a) is an unbalanced type. The balanced version (sometimes known 
as an H-pad) is shown in Fig. 1-26(b). In the balanced version, the R, values 
are cut in half. ; 

The values of R, and R, are related to the ratio of signal-voltage or 
‘signal-current attenuation that is desired. It is usually simpler to use a 
voltage ratio. For example, if a signal voltage having an amplitude of 100 V 
is to be attenuated to produce a 10-V output signal, the voltage ratio is 10. 
If the desired attenuation is expressed in decibels, the value can be converted 
to a voltage ratio. 
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Ry Ry 
saps 2 
(b). H-pad 
(V—1) 2Vv 
Ry to) Zz Ro 4 Zest 
Vt V+NV-N1 Figure 1-26 7-pad and H-pad 
V = input voltage divided by output voltage circuits for attenuation 


1-4.3. Symmetrical Pi- and. O-Pads (Attenuators) 


The Pi-type pad shown in Fig. 1-27(a) is a symmetrical unbal- 
anced type. The balanced version (sometimes known as an O-pad) is shown 
in Fig. 1-27(b). Since the input impedance is the same as the output imped- 
ance, no impedance matching is involved. The resistor values are chosen to 
provide the degree of attenuation desired. As with the 7-pad and H-pad, the 
equations for solving the resistor values must consider the voltage attenuation 
ratio. 
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Figure 1-27 Pi-pad and O-pad circuits for attenuation 


1-4.4. Symmetrical Bridged T- and H-Pads 


Chap..1 


An additional resistor can be shunted across the series resistors 
of the 7-pad and H-pad to form what is known as a bridged pad. The bridged 
T- and H-pads are shown in Figs. 1-28(a) and 1-28(b), respectively. The 
ohmic values of R, and R, are chosen so each has a resistance equal to the 
ohmic value of the impedance; therefore only the resistance of R, and R, 


need be calculated. 


Sec. 1-4 Attenuators 


Ry Ro 


Z, In R3 Zp Out 


(a) Bridged 7-pad 


Zo Out 


Ra 
2] 
(b) Bridged H-pad 


R= R= Zo Ree SRR ZVHN 


V = input voltage divided by output voltage 


Figure 1-28 Bridged 7-pad and bridged H-pad circuits 
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2 RF CIRCUIT DESIGN 
CONSIDERATIONS 


Two-junction transistors and FETs are both used in RF circuit 
design. Generally, FETs are limited to oscillator and voltage-amplifier 
applications. Two-junction transistors can be used as oscillators and in either 
voltage-amplifier or power-amplifier circuits. Practically any of the tradi- 
tional vacuum tube RF circuits can be duplicated with transistors. 

The most important information regarding RF circuit considerations is 
the design of the tuning networks. These networks not only provide tuning to 
the desired operating frequency, but also match transistor characteristics to 
input and output circuit impedances. For these reasons, we shall concentrate 
on problems associated with these networks in this chapter. 

The specific design problems for RF amplifier circuits are discussed in 
Chapter 6. The design considerations for oscillator circuits, including RF 
oscillators, are covered in Chapter 8. 


2-1. RESONANT CIRCUITS FOR RF AMPLIFIERS 


RF amplifier design is based on the use of resonant circuits 
(tank circuits) consisting of a capacitor and a coil (inductance) connected in 
series or parallel, as shown in Fig. 2-1. At the resonant frequency, the 
inductive and capacitive reactances are equal, and the circuit acts as a high 
impedance (if it is a parallel circuit) or a low impedance (if it is a series circuit). 
In either case, any combination of capacitance and inductance has some 
resonant frequency. 
Either (or both) the capacitance or inductance can be variable to permit 
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tuning of the resonant circuit over a given frequency range. When the 
inductance is variable, the circuit is usually tuned by means of a metal slug 
(usually powdered iron) inside the coil. The metal slug is screwdriver adjusted 
to change the inductance (and thus the inductive reactance) as required. 

Typical RF circuits used in receivers (AM, FM, communications, etc.) 
often include two resonant circuits in the form of a transformer (RF or IF 
transformer, etc.). Either the capacitance or inductance can be variable. 

In the case of RF transmitter circuits, it is sometimes necessary to design 
the coil portion of the resonant circuit. This is because coils of a given 
inductance and physical size may not be available from commercial sources. 


2-1.1. Basic Design Considerations for Resonant Circuits 


The two most important considerations for RF resonant 
circuits are resonant frequency and the Q (or quality factor). 


Resonant frequency. Figure 2-1 contains equations which show the 
relationship between capacitance, inductance, reactance, and frequency as 
they relate to resonant circuits. Note that there are three sets of equations. 
Two sets include reactance (inductive and capacitive), and the third set omits 
reactance. The reason for three sets of equations is that some design 
approaches require the reactance to be calculated for resonant networks. 
Solid-state RF transmitter circuits are a good example of this. 


Quality factor and selectivity. A resonant circuit has a Q, or quality, 
factor which is directly related to the selectivity of the circuit, andis dependent 
upon the ratio of reactance to resistance. If a resonant circuit has pure 
reactance, the Q is high (theoretically infinite). However, this is not practical. 
For example, any coil and the leads of a capacitor will have some d-c resis- 
tance. Also, as frequency increases, the a-c resistance presented by the leads 
will increase due to skin effect. The sum total of these resistances is usually 
lumped together and considered as a resistor in series or parallel with the 
resonant circuit. The total resistance is usually termed the effective resistance, - 
and is not to be confused with the reactance. 

The resonant circuit Q is dependent upon the individual Q factors of both 
the inductance and capacitance used in the circuit. For example, if both the 
inductance and capacitance have a high Q, the circuit will have a high Q, 
provided that a minimum of resistance is produced when the inductance and 
capacitance are connected to form a resonant circuit. 

Usually, resonant circuit Q is measured at points on either side of the 
resonant frequency where the signal amplitude is down 0.707 of the peak 
resonant value, as shown in Fig. 2-2. Notice that the resonant circuit with a 
high Q produces a sharp resonance curve (narrow bandwidth), whereas a low 
Q produces a broad resonance curve (wide bandwidth). For example, a high 
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Figure 2-2. Relationship of Q to bandwidth and selectivity 


Q resonant circuit will provide good harmonic rejection (tend to pass only the 
fundamental frequency) and efficiency in comparison with a low Q circuit, all 
other factors being equal. Thus, the selectivity of a resonant circuit is related 
directly to the Q. 

A very high Q (or high selectivity) is not always desired. In some applica- 
tions, it is necessary to add resistance to a resonant circuit to broaden the 
response (increase the bandwidth, decrease the selectivity). An example of 
this is the damping resistor used across peaking coils in a video amplifier. 

If a given bandwidth must be maintained, but the resonant frequency is 
increased, the Q must also increase. For example, if the resonant frequency 
is 30 MHz with a bandwidth of 3 MHz, the required circuit Q is 10. If the 
resonant frequency is increased to 54 MHz with the same 3-MHz bandwidth, 
the required Q is 18. Also, Q must be decreased for increases in bandwidth, 
if the same resonant frequency is to be maintained. 
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2-1.2. Basic Design Considerations for RF Coils 


The equations necessary to calculate the self-inductance of a 
single-layer air-core coil are given in Fig. 2-3. This type of coil is most 
efficient (maximum inductance for minimum physical size) when the ratio of 
coil radius to coil length is 1.25, that is, when the length is 0.8 of the radius. 

The equations of Fig. 2-3 are approximations only, and do not take into 
account such factors as uneven sizes of turns, spacing between the turns, and 
the like. From a practical standpoint, use the equations to find the nearest 
number of turns (for a given inductance), and then spread or compress the 
turns as necessary to obtain a precise value of inductance (as measured on an 
inductance bridge). 


2-2. BASIC RF AMPLIFIER DESIGN APPROACHES 


Solid-state RF amplifiers can be designed using two-port 
networks. Basically, the method consists of characterizing the transistor as a 
linear active two-port network (LAN) with admittances (y-parameters), and 
using the parameters to solve design equations for stability, gain, and input- 
output admittances. The two-port design approach is best suited for voltage 
amplifiers using small-signal characteristics or parameters. The two-port 
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system is recommended for all FET RF amplifiers, and for low-power two- 
junction RF amplifiers. Design based on Jarge-signal characteristics (transis- 
tor input/output resistances and capacitance) is recommended for RF power 
amplifiers (using high-power two-junction transistors). Both design ap- 
proaches are discussed in this chapter and in Chapter 6. 

With either approach, it is difficult at best to provide simple, step-by-step 
procedures for designing RF amplifiers to meet all possible circuit conditions. 
In practice, there are several reasons why this procedure often results in 
considerable trial and error. 

First, not all of the characteristics are always available in datasheet form. 
For example, input and output admittances may be given at some low 
frequency, but not at the desired operating frequency. 

Often, manufacturers do not agree on terminology. A good example of 
this is in y-parameters, where one manufacturer uses letter subscripts (),,) 
and another uses number subscripts (y,,). Of course, this type of variation 
can be eliminated by conversions. 

In some cases, manufacturers will give the required information on 
datasheets, but not in the required form. For example, some manufacturers 
may give the input capacitance in farads rather than listing the input admit- 
tance in mhos. The input admittance is found when the input capacitance is 
multiplied by 6.28F (where Fis the frequency of interest). This is based on the 
assumption that the input admittance is primarily capacitive, and thus 
dependent on frequency. The assumption is not always true for the frequency 
of interest; therefore, it may be necessary te use complex admittance measur- 
ing equipment to make actual tests of the transistor. 

The input and output tuning circuits of an RF amplifier must perform 
three functions. Obviously, the circuits (capacitors and coils) must tune the 
amplifier to the desired frequency. In addition, the circuits must match the 
input and output impedances of the transistor to the impedances of the 
source and load; otherwise, there will be considerable loss of signal. Finally, 
as in the case with any amplifier, there is some feedback between output and 
input. If the admittance factors are just right, the feedback will be of sufficient 
amplitude and of proper phase to cause oscillation of the amplifier. The 
amplifier is considered as unstable when this occurs. 

Amplifier instability in any form is always undesirable, and can be 
corrected by feedback (called neutralization) or by changes in the input- 
output tuning networks. Although the neutralization and tuning circuits are 
relatively simple, the equations for determining stability (or instability) and 
impedance matching are long and complex. Generally, such equations are 
best solved by computer-aided design methods. 

In an effort to cut through this maze of information and complex equa- 
tions, we shall discuss all of the steps involved in RF amplifier design. Armed 
with this information, the reader should be able to interpret datasheets or 


32 RF Circuit Design Considerations Chap. 2 


test information, and use the information to design tuning networks that will 
provide stable RF amplification at the frequencies of interest. With each step 
we shall discuss the various alternative procedures and types of information 
available. Specific design examples of RF amplifier networks (given in 
Chapter 6) summarize the information contained in this chapter. On the 
assumption that not all readers are familiar with two-port networks, we shall 
start with a summary of the y-parameter system. 


2-2.1, y-Parameters 


Impedance (Z) is a combination of resistance (the real part) and 
reactance (the imaginary part). Admittance (y) is the reciprocal of impedance, 
and is composed of conductance (the real part) and susceptance (the imagi- 
nary part). A y-parameter is an expression for admittance in the form 


Vis = Sis + jbi, 


where g,, is the real (conductive) part of common-source input admittance, 
Jjb,, is the imaginary (susceptive) part of input admittance, and y,, is simply 
the input admittance. 

The term y;, = g;, + jb;, expresses the y-parameter in rectangular form. 
Some manufacturers describe the y-parameter in po/ar form. For example, 
they will give the magnitude of forward transadmittance as |y,,| and the 
angle of forward transadmittance of /y,,. Quite often, manufacturers will 
mix the two systems of vector algebra on their datasheets. 


Conversion of vector algebra forms. It is assumed that the readers are 
already familiar with the basics of vector algebra. However, the following | 
notes summarize the steps necessary to manipulate vector algebra terms. 
With this background the reader should be able to perform all the calcula- 
tions involved in the design of RF amplifier networks. 


Converting from rectangular to polar form: 
(1) Find the magnitude from the square root of the sum of the squares of 
the components. 


Polar magnitude = ,/g? +- jb? 


(2) Find the angle from the ratio of the component values. 
Polar angle = arc tan Hie 
& 


The angle is leading if the jb term is positive, and lagging if the jb term is 
negative. 
For example, assume that the y,, is given as g-, = 30 and jby, = 70. This 
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is converted to polar form by 


|y,.| polar magnitude = ./(30)? + (70)? = 76 
ff 


[yrs polar angle = arc tan _ — 67° 


Converting from polar to rectangular form: 

(1) Find the real (conductive or g) part when polar magnitude is multi- 
plied by the cosine of the polar angle. 

(2) Find the imaginary (susceptance or jb) part when polar magnitude is 
multiplied by the sine of the polar angle. 

If the angle is positive, the jb component is also positive. When the angle 
is negative, the jb component is also negative. 

For example, assume that the y,, is given as|y,,| = 20 and /y,, = —33°. 
This is converted to rectangular form by 


' 20 xX cos 33° = g,, = 16.8 
20 X sin 33° = jb,, = 11 


The four basic y-parameters. A y-equivalent circuit is shown in Fig. 2-4. 
This equivalent circuit is for an FET. However, a similar circuit can be 
drawn for a two-junction transistor when analyzing small-signal charac- 
teristics. 

Note that y-parameters can be expressed with number subscripts or letter 
subscripts. The number subscripts are universal because they can apply to 
two-junction transistors, FETs, and even integrated circuit amplifiers. 
However, the letter subscripts are most popular on FET datasheets. 

The following notes can be used to standardize y-parameter nomenclature 


4, 


Ye = Gs * JBs y= 6+ JB, 


Figure 2-4 y-equivalent circuit (for an FET) with source and load 
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(note that the letter s in the letter subscript refers to common-source opera- 
tion of an FET amplifier). 


y1, is input admittance, and can be expressed as 
y;; on an FET datasheet. 


Vz is reverse transadmittance, and can be expressed as 
yr; on an FET datasheet. 


y2, is forward transadmittance, and can be expressed as 
- yy, on an FET datasheet. 


Y22 is output admittance, and can be expressed as 
Yo; on an FET datasheet. 


Input admittance, with Y, = infinity (short circuit), is expressed as 
_ 4 2 dh ihe, =0 
Yiu = $11 Tie (with e, = 0) 
ey : 


This means that y,, is equal to the difference in current i,, divided by the 
difference in voltage e,, with voltage e, at 0. The voltages and currents 
involved are shown in Fig. 2-4. 

Some datasheets do not show y,, at any frequency, but give input capaci- 
tance instead. If one assumes that the input admittance is entirely (or mostly) 
capacitive, then the input impedance can be found when input capacitance is 
multiplied by 6.28F (F = frequency in hertz) and the reciprocal is taken. 
Because admittance is the reciprocal of impedance, admittance is found when 
input capacitance is multiplied by 6.28F (where admittance is capacitive). For 
example, if the frequency is 100 MHz and the input capacitance is 8 pF, the 
input admittance is 


6.28 x (100 x 10%) x (8 x 10-12) = 5 mmhos 


This assumption is accurate only if the real part of y,, (or g;,) is negligible. 
Such an assumption is reasonable for an FET, but not necessarily for a two- 
junction transistor. Figure 2-5 shows input admittance curves for a typical 
FET. Note that the imaginary part (jb, ,) is greater in value across the entire 
frequency range; however, the real part of two-junction transistor input 
admittance can be quite large in relation to the imaginary jb,, part. 

Forward transadmittance, with Y, = infinity (short circuit), is expressed 
as 


Yar = B21 + jb = 42 (with e, = 0) 


This means that y., is equal to the difference in output current i,, divided 
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Figure 2-5 Input admittance y,, = g,, + /b;, for typical FET 


by the difference in input voltage e,, with voltage e, at 0. In other words, y,, 
represents the difference in output current for a difference in input voltage. 

Some FET datasheets show y,,; at a low frequency (typically 1 kHz), and 
then show R,(y;,), or the real part of y,,, at a high frequency (typically 100 to 
200 MHz). Other FET datasheets specify that g,, is the real part of y,, and 
that the values given are for a low frequency. Then some value is given for y,, 
at a high frequency. 

Two-junction transistor datasheets often do not give any value for y.,. 
Instead, they show forward transadmittance by means of the hybrid system 
of notation using hy, or h,, (which means hybrid forward transadmittance 
with common emitter). No matter what system is used, it is essential that the 
values of forward transadmittance be considered at the frequency of interest. 

These considerations are illustrated in Fig. 2-6 which shows more accurate 
and complete forward transadmittance curves for a typical FET. Note from 
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Figure 2-6 Forward transadmittance, yo; = 921 +j/b2, for typical FET 
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the figure that the real and imaginary parts intersect around 180 MHz, and 
that the real part becomes a negative quantity around 400 MHz. 
Output admittance, with Y, = infinity (short circuit), is expressed as 


Yoo = 822 + jb. = oo (with e, = 0) 
3) 
Figure 2-7 shows output admittance curves for a typical FET. Note that 
the real part is negligible over the entire frequency range. This condition is not 
true for a typical two-junction transistor. 


Yoo (mmho) 


Figure 2-7 Output admittance y22 = goo = jbo. for typical FET 


Reverse transadmittance, with Y, = infinity (short circuit), is expressed. as 


Viz = B12 + jd. = (with e; = 0) 
2 

Yy2 is not considered an important two-junction transistor parameter. 
Many FET datasheets do not list y,, at any frequency and give reverse 
transfer capacitance instead. If we assume that the reverse transadmittance. 
(also known as reverse transfer admittance) is entirely (or mostly) capacitive 
(jb12), then the reverse transadmittance can be found when reverse transfer 
capacitance is multiplied by 6.28F (F = frequency in hertz). This assumption 
is generally accurate in the case of y,, for FETs, as shown in Fig. 2-8. Note 
that the real part of y,, (or g,,) is 0 across the entire frequency range. Thus, 
when the term R,(y,,) appears in an equation (as it does frequently in FET: 
RF design equations), the term can be considered as zero for all FET applica- 
tions. This is not necessarily true for two-junction transistors. 


y-parameter measurement. It is obvious that y-parameter information is 
not always available or in a convenient form. In practical design, it may be 
necessary to measure the y-parameters, using laboratory equipment. 
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Figure 2-8 Reverse transfer admittance y;.=g;2 + /b,2 for typical FET 


Note that all y-parameters are based on ratios of input-output current to 
input-output voltage. For example, y,, is the ratio of output current to input 
voltage. 

For FETs, y., and y,, can be measured by using signal generators, 
voltmeters, and simple circuits. Likewise, y,,; and y,, can be found by 
measuring c,,, and c,,, (input and reverse capacitances) using a simple 
capacitance meter, and then calculating y,, and y,, based on the frequency of 
interest. These procedures are described in the author’s Handbook for Transis- 
tors (Prentice-Hall, Inc., Englewood Cliffs, N.J., 1976). 

More accurate results can be obtained with precision laboratory equip- 
ment. All four y-parameters can be measured on a General Radio Transfer 
Function and Immittance Bridge. A possible exception is y,,, which is 
typically very much smaller than the other FET parameters. In the case of 
y 12 it is often more practical to measure c,,, and multiply by 6.28F. 

The main concern in measuring y-parameters, with FETs or two-junction 
transistors, is that the measurements are made under conditions simulating 
those of the final circuit. For example, if supply voltages, bias voltages, and 
operating frequency are not identical (or close) to the final circuit, the tests 
may be misleading. 


Two-junction transistor admittance measurements. Although the data- 
sheets for transistors to be used as power amplifiers usually contain input and 
output admittance information, it may be helpful to know how this informa- 
tion is obtained. 

A typical test-amplifier circuit for two-junction transistors is shown in 
Fig. 2-9, During a test, the transistor is placed in the test circuit designed with 
variable components to provide wide tuning capabilities. This feature is 
necessary to insure correct matching while characterizing a transistor at 
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serveral power levels. The circuit is tuned for maximum power gain at each. 
power level for which admittance data is desired. 

After the test amplifier has been tuned for maximum power gain, the d-c 
power, signal source, circuit load, and test transistor are disconnected from 
the circuit. For total circuit impedance to remain the same, the signal source 
and output load circuit connections are terminated at their characteristic 
resistances. After these substitutions are performed, complex admittances are 
measured at the base and collector circuit connections of the test transistor 
(points A and B, respectively, in Fig. 2-9). 

The two-junction transistor input and output admittances are the con- 
jugates of the base circuit connection and the collector circuit connection 
admittances, respectively. For example, if the base circuit connection admit- 
tance is 7 -+ j3, the input admittance of the transistor is 7 — j3. 

In some systems of two-junction transistor RF amplifier design, the 
networks are calculated on the basis of input-output resistance and capaci- 
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Figure 2-9 Typical test-amplifier circuit for two-junction transistors 
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tance, instead of admittance. In such cases, the admittances measured in the 
circuit in Fig. 2-9 must be converted to resistance and capacitance. 

Admittances are expressed in mhos (or millimhos, mmhos). Resistance 
can be found by dividing the real part of the admittance into 1. Capacitance 
can be found by dividing the imaginary part of the admittance into 1 (to find 
reactance); then the reactance is used in the equation C = 1/(6.28F X,) to 
find actual capacitance. 


2-2.2. Stability Factors 


There are two factors used to determine the potential stability 
(or instability) of transistors in RF amplifiers. One factor is known as the 
Linvill C factor; the other is the Stern k factor. Both factors are calculated 
from equations requiring y-parameter information (to be taken from data- 
sheets or by actual measurement at the frequency of interest). 

The main difference between the two factors is that the Linvill C factor 
assumes the transistor is not connected to a load. The Stern & factor includes 
the effect ofa specific load. 

The Linvill C factor is calculated from 


Cs Yi2)21 
2811822 — RAV12Y21) 


If Cis less than 1, the transistor is unconditionally stable. That is, using 
a conventional (unmodified) circuit, no combination of load and source 
admittance can be found which will cause oscillation. If C is greater than 1, 
the transistor is potentially unstable. That is, certain combinations of load 
and source admittance will cause oscillation. 

The Stern k factor is calculated from 


yc 2(811 + Gs)(S22 + G;) 
Vi2Var1 + RAV 12V21 


where G, and G, are source and load conductance, respectively. (Gs = 
1/source resistance; G, = 1/load resistance.) 

If. k is greater than 1, the amplifier circuit is stable (the opposite of 
Linvill). If'k is less than 1, the amplifier is unstable. In practical design, it is 
recommended that a k factor of 3 or 4 be used, rather than 1, to provide a 
margin of safety. This will accommodate parameter and component varia- 
tions (particularly with regards to band-pass response). 

Note that both equations are fairly complex, and require considerable 
time for their solutions. In practical work, computer-aided design techniques 
are used for stability equations. 

Some manufacturers provide alternative solutions to the stability and 
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Figure 2-10 Linvill stability factor C, for typical FET 


load-matching problem, usually in the form of a datasheet graph, as shown in 
Fig. 2-10. This is a Linvill C factor chart for a typical MOSFET. Note that 
the MOSFET is unconditionally stable at frequencies above 250 MHz. At 

frequencies below about 50 MHz, the MOSFET becomes highly unstable. - 


2-2.3. Solutions to Stability Problems 


There are two basic design solutions to the problem of unstable 
RF amplifiers. 

First, the amplifier can be neutralized; that is, part of the output can be 
fed back (after it is shifted in phase) to the input so as to cancel oscillation. 
Neutralization permits the amplifier to be matched perfectly to the source and 
load. This type of match is known as a conjugate match. In perfect conjugate 
match the transistor input and source, as well as the transistor output and 
load, are matched resistively, and all reactance is tuned out. Neutralization 
requires extra components and creates a problem when frequency is changed. 

The second solution is to introduce some mismatch into either the source or 
load tuning networks. This solution, sometimes known as the Stern solution, 
requires no extra components, but does produce a reduction in gain. 

A comparison of these two methods is shown in Fig. 2-11. The higher gain 
curve represents the unilateralized (or neutralized) operation. The lower gain 
curve represents the circuit power gain when the Stern k factor is 3. 
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Figure 2-11 Comparison of neutralized gain (Gy) versus gain with 
mismatch (Gy) when the Stern & factor is 3 


Assume that the frequency of interest is 100 MHz. If the amplifier is 
matched directly to the load (perfect conjugate match) without regard to 
stability or using neutralization to produce stability, the top curve applies 
and the power gain is about 38 dB. If the amplifier is matched to a load and 
source where the Stern & factor is 3 (resulting in a mismatch with the actual 
load and source), the lower curve applies and the power gain is about 29 dB. 

The upper curve of Fig. 2-11 is found by the general power gain equation 


__ power delivered to load 
~~ power delivered to input 
(21°C, 


~ 2 — _Yi2ha1 
(Y, + Y22) Rvs: Pas + ¥) 


Gp 


The general power gain equation applies to circuits with no external 
feedback, and to circuits which have external feedback (neutralization)— 
provided the composite y-parameters of both transistor and feedback net- 
works are substituted for the transistor y-parameters in the equation. 

The lower curve in Fig. 2-11 is found by the transducer gain equation 


power delivered to load 
™ maximum power available from source 


a2 4G 5Gi(21)” 
[O11 + Y¥s)(Y22 + Y2) — Yi2Va1)* 


Gr 
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The transducer gain expression includes input mismatch. The lower curve 
in Fig. 2-11 assumes that the input mismatch produces a Stern k factor of 3. 
That is, the circuit tuning networks are adjusted for admittances that produce 
a Stern k factor of 3. The transducer gain expression considers the input and 
output networks as part of the source and load. 

With either gain expression, the input and output admittances of the 
transducer are modified by the load and source admittances. 

The input admittance of the transistor is given by 


Y12)21 
Yo t+ Yr 


Yn = Vit 


The output admittance of the transistor is given by 


Yi221 
YutVs 


Your = J22 


At low frequencies, the second term in the input and output admittance 
equations is not particularly significant. At VHF, the second term makes a 
very significant contribution to the input and output admittances. 

The imaginary parts of Y, and Y, (B,; and B,, respectively) must be known 
before values can be calculated for power gain, transducer gain, input 
admittance, and output admittance. Exact solutions for B; and B, almost 
always consist of time consuming complex algebraic manipulations. 

To find fairly good simplifying approximations for the equations, let 
B, = —b,, and B, ~ —b,, so that 


General power gain expression 
(¥21)?G, 


G,+ *R,( — _Vr2V21 ) 
(G, + 822) Vii fon |G, 


Gp = 


Transducer gain expression 


Gp 4G5G,(21)” 
[(gi1 + Gs)(g22 + Gr) — Y12Y211" 


Input admittance 


Yin & _ 1221 
ee 822 +G, 
Output admittance 
Vs _ 1221 
peas 81 +Gs 


The other gain expressions often found on the datasheets of. transistors 
used in RF applications (particularly FET datasheets) are: maximum 
available gain (MAG), and maximum usable gain (MUG). 
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MAG is usually applied as the gain in a conjugately matched, neutralized 
circuit and is expressed as 


MAG = (21)” FuRour 


where Ryy and Royy are the input and output resistances, respectively, of the 
transistor. 


An alternate MAG expression is 


MAG = (¥21)? 
ARRAY; DRAV22) 


where R,(y1,) is the real part (g,,) of the input admittance, and R,(y,,) is the 
real part (g,.) of the output admittance. 

MUG is usually applied as the stable gain which may be realized in a 
practical (neutralized or unneutralized) RF amplifier. In a typical unneu- 
tralized FET circuit, MUG is expressed as: 


am —0-4¥21 
MESS 6.28F c,,, 
where c,,, is reverse transfer capacitance. 

MAG and MUG are often omitted on datasheets for two-junction 
transistors; instead, gain is listed as h,, at a given frequency. This is supple- 
mented with graphs which show available power output at given frequencies 
with a given input. 


2-2.4. Neutralized Solution 


There are several methods for neutralization of RF amplifiers. 
The most common method is the capacitance-bridge technique, as shown in 
Fig. 2-12(a). Capacitance-bridge neutralization becomes more apparent when 
the circuit is redrawn, as shown in Fig. 2-12(b). The condition for neutraliza- 
tion is that I, = Ty. 

The equations normally used to find the value of the feedback neutraliza- 
tion capacitor are long and complex. However, for practical work, if the value 
ofiC, is made quite large in relation to C, (at least four times), the value of 
Cy can be found by 
Cy = Crt 
where ‘en is the reverse capacitance of the transistor. 

In simple terms, the value of Cy is approximately equal to the value of 
reverse capacitance times the ratio C,/C,. For example, if reverse capacitance 
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Figure 2-12 Capacitance-bridge neutralization circuit 


is 0.2 pF, C; is 30 pF and C, is 3 pF; the C,/C, ratio is 10, and Gi 
10 x 0.2 pF = 2 pF. 


2-2.5. The Stern Solution 


A stable design with a potentially unstable transistor is 
possible without external feedback (neutralization). by proper choice of. 
source and load admittances. This can be seen by inspection of the Stern k 
factor equation; Gs, and G, can be made large enough to yield a stable circuit, 
regardless of the degree of potential instability. Using this approach, a circuit 
stability factor k (typically k = 3) is selected, and the Stern & factor equation 
is used to arrive at values of Gs and G, which will provide the desired k. 

Of course, the actual G of the source and load cannot be changed; instead, 
the input and output tuning circuits are designed as if the actual G values 
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were changed. This results in a mismatch and a reduction in power gain, but 
does produce the desired degree of stability. 

To get a particular circuit stability factor, the designer may choose any of 
the following combinations of matching or mismatching of G; and G, to the 
transistor input and output conductances, respectively: 


Gs; matched and G, mismatched 
G, matched and G, mismatched 
Both G, and G, mismatched 


Other performance requirements or practical considerations often dic- 
tate the decision on which combination to use. For example, it may not be 
practical to mismatch to some extreme value of G, or G;,. 

Once G, and G, have been chosen, the remainder of the design may be 
completed by using the relationships that apply to the amplifier without 
feedback. Power gain and input-output admittances may be computed using 
the appropriate equations (Sec. 2-2.3). 


Simplified Stern approach. Although the above procedure may be 
adequate in many cases, a more systematic method of source and load 
admittance determination is desirable for designs which demand maximum 
power gain per degree of circuit stability. Stern has analyzed this problem and 
developed equations for computing the best G,, G,, B; and B, for a particular 
circuit stability factor (Stern & factor). Unfortunately, these equations are 
very complex and become quite tedious when they are used frequently. The 
complete Stern solution is best applied by computer. 

Programs have been written to provide essential information for transis- 
tors used as RF amplifiers, including the effects of various specific sources and 
loads. These programs permit the designer to experiment with theoretical 
“breadboard” circuits in a matter of seconds. 

When a Stern solution must be obtained without the aid of a computer, it is 
best to use one of the many shortcuts that have been developed over the 
years. The following shortcut is by far the simplest and most widely accepted, 
yet provides an accuracy close to that of the computer solutions. 

(1) Let B; =~ —b,, and B, ~ b,, as in the case of the Sec. 2-2.3 equa- 
tions. This method permits the designer to closely approximate the exact 
Stern solution for Y, and Y,, while avoiding that portion of the computations 
which is the most complex and time consuming. Further, the circuit can be 
" designed with tuning adjustments for varying Bs and B,, thereby creating the 
possibility of achieving the true B, and B, (by experiment) for maximum gain 
as accurately as if all the Stern equations had been solved. 

~ (2) Mismatch Gy to g,, and G, to gy. by an equal ratio. That is, find a 
ratio that produces the desired Stern & factor, then mismatch G, to g,, (and 
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G,, to g)). For example, if the ratio is 4 to 1, make Gs 4 times the value of g;, 
(and G, 4 times the value of g,,). 
If the mismatch ratio, R, is defined as 


_ Gi _ Gs 
822 811 


then R may be computed for any particular circuit stability k factor using the 
equation 
R= (fal Zeta gt RO ayas) eae Aaya) — 4 
2811822 


As an example, assume that it is desired to mismatch input and output 
circuits so there is a Stern k factor of 4, using a transistor that has the fol- 
lowing characteristics: y;.y2.; = 0.5, g:,; = 5.0, g.. = 0.05, R,(¥12¥21) = 0.2 


(all values in mmhos). 
0.5 + 0.2 ee 
R= (1/4 250s | 05) Ve Kalen 


Using the value of 1.37 for R, and the equation 


1.37 = Gs — Ge 


811 822 
then 
Gs = (1.37)(5)(1073) = 6.85 mmhos 
and 
] 
Rs = G. = 146Q 
G, = (1.37)(0.05)(10-3) = 0.0685 mmho 
and 
1 
R, =~ = 14,6009 
L G, 


The shortcut Stern method may be advantageous if the source and load 
admittances and power gains for several different values of k are desired. Once 
the R for a particular k has been determined, the R for any other k may be 
quickly found from the equation 


where R, and R, are values of R corresponding to k, and k,, respectively. 
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The Stern solution with datasheet graphs. It is obvious that the Stern 
solution, even with the shortcut method, is somewhat complex. For this 
reason, some manufacturers have produced datasheet graphs that show the 
best source and load admittances for a particular transistor over a wide range 
of frequencies. Examples of these graphs are shown in Figs. 2-13 and 2-14. 

Figure 2-13 shows both the real (Gs) and imaginary (Bs) values that will 
produce maximum gain, but with a stability (Stern k) factor of 3 at fre- 
quencies from 50 to 500 MHz. Figure 2-14 shows corresponding information 
for G, and.B,. 
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Figure 2-13 Best source admittance, Ys = Gs + /Bs 
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To use these figures, simply select the desired frequency, and note where the 
corresponding G and B curves cross the frequency line. For example, 
assuming a frequency of 100 MHz, Y, = 0.35 —j2.1 mmhos, and Y; = 
1.3 — 74.4 mmhos. 

If the tuning circuits are designed to match these admittances, rather than 
the actual admittances of the source and load, the circuit will be stable. Of 
course, the gain will be reduced. Use the transducer gain expression (Gr) of 
Sec. 2-2.3 to find the resultant power gain. 


2-3. TYPES OF RF AMPLIFIER TUNING NETWORKS 


As far as the tuning networks are concerned, there are only 
three basic types of RF amplifiers. These include voltage amplifiers, power 
amplifiers, and multipliers. Going further, there are only two basic methods © 
by which the tuning networks match transistor impedances to source and 
load impedances. One method uses combinations of coils and capacitors 
which are tuned to cancel out impedance differences. The other method uses 
taps on the tank coils to match impedances. The basic théory for the various 
types is discussed in this section. In Chapter 6, the design requirements and 
specific design examples for the basic types are covered. 


2-3.17. RF Voltage Amplifier 


The circuit of Fig. 2-15 is a typical narrowband RF amplifier, 
such as those found in broadcast- and communications-type radio receivers. 
The circuit is a single stage of tuned RF voltage amplification. Input to the 
transistor is by means of a tuned RF transformer, and output is obtained by 
a similar device. Transformer T, is the input transformer, and 7, is the output 
transformer. The secondary winding of T, is tuned to resonance at the 
frequency of the incoming signal by means of variable capacitor C,. The 
primary of T, is tuned to the same resonant frequency by means of variable 
capacitor C,. 

At the resonant frequency, the secondary of T, and capacitor C, form a 
parallel-resonant circuit, as do the primary of T, and capacitor C,. A 
parallel-resonant circuit offers a very high impedance to a current at the . 
resonant frequency, but a low impedance at other frequencies. Thus, if C, is 
adjusted to tune the secondary winding of T, to resonance at the frequency 
of the desired signal, a relatively large voltage will appear across this resonant 
circuit (and the transistor base) for signals of this frequency. For signals of 
other frequencies, the voltage will be low. 

Likewise, if C, is adjusted to tune the primary winding of T, to resonance 
at the frequency of the desired signal, this resonant circuit will show a large 
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Figure 2-15 Tuned RF voltage amplifier 


impedance for signals of this frequency, and a very low impedance for other 
signals. This resonant circuit is the collector load. As discussed in other chap- 
ters, voltage amplification of a stage is set. by collector load impedances (all 
other factors remaining equal). These conditions provide high voltage 
amplification at the desired frequency. At all other frequencies, where the 
collector load impedance is low, the amplification will also be low. 

The shunting effect of the transistor input and output capacitances is also 
minimized by the capacitances of the tuned resonant circuits. For example, 
the typically small input capacitance of the transistor is in parallel with the 
relatively large capacitance of variable capacitor C,, and thus has but a small 
additive effect. 


Bias networks. Resistors R, and R, form a voltage divider across the 
power supply (Vcc) to bias the emitter-base junction. The bias circuits for RF 
amplifiers are essentially the same as for audio amplifiers described in 
Chapter 5. However, the operating point may be different. Typically, audio 
amplifiers are operated. as class A, where collector current flows at all times. 
RF amplifiers are generally operated as class B or C, where current flows only 
in the presence of a signal. 

Resistor R, and capacitor C; form a decoupling network to prevent the 
RF signal from entering the power supply (through which the signal may be 
fed to the output circuit, or another stage). Resistor R, is the emitter stabiliza- 
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tion resistor and C, is its bypass capacitor. Resistor R, and capacitor C; form 
the decoupling network for the collector circuit. 


Impedance match. Note that the base of the transistor is connected to a 
tap on the secondary winding of T,. Since the input impedance of the tran- 
sistor is relatively small, only a portion of the secondary winding is used to 
obtain a proper impedance match between the two. However, the entire 
secondary winding is tuned by C, to form the parallel-resonant circuit at the 
signal frequency. For similar reasons the collector is connected to a tap on the 
primary winding of 7,. 


Feedback problems. One difficulty often found in RF amplifiers is the 
prevention of feedback from the output of a stage to 1ts own input, or to 
another stage. There are two types of undesired feedback: radiated feedback 
and feedback through the transistor. (Of course, there is feedback that is 
deliberately introduced to stabilize gain, temperature response, etc.) 

To eliminate radiated feedback, the amplifier must be properly shielded 
and designed so as to separate the base and collector-leads. The problem of 
RF amplifier shielding is extensive and will not be covered here because we 
are primarily concerned with transistors. 

Fortunately, most modern transistors are so constructed that there is 
little danger of feedback through the transistor at moderately high fre- 
quencies. However, as frequency increases, internal feedback can produce 
undesired conditions in an RF amplifier. 

One feedback problem is known as the Miller effect. As shown in Fig. 
2-16, there is a capacitance between base and emitter of a two-junction 
transistor (or between gate and source of an FET). This forms the input 
capacitance of the circuit. There is also a capacitance between the base and 
collector (or gate and drain). This capacitance feeds back some of the 
collector signal to the base. The collector signal is amplified, and is 180 
degrees out of phase with the base signal (in a common-emitter amplifier). 
The collector signal feedback opposes the base signal and tends to distort the 
input signal. Likewise, the collector-base capacitance is, in effect, in series 
with the base-emitter capacitance, and thus changes the input capacitance. 

These conditions result in a constantly changing amplitude-modulated 
relationship of signals in an amplifier. For example, if the input signal 
amplitude changes, the amount of feedback changes, changing the input 
capacitance. In turn, the change in input capacitance changes the match 
between the transistor and the input tuned circuit, changing the amplitude. 
Likewise, if the input signal frequency changes, the feedback changes (since 
the collector-base capacitive reactance changes), and there is a corresponding 
change in amplification. 

The Miller effect is not necessarily a problem in all solid-state RF ampli- 
fiers. The FET RF amplifier is usually more susceptible to Miller effect than 
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two-junction transistors. However, when the Miller effect becomes severe 
with any RF amplifier, it can be eliminated or minimized to a realistic level 
by neutralization. 

Neutralization is a method for reducing the amount of unwanted feed- 
back, either from radiation or internal feedback. With neutralization, a 
portion of the voltage from the output circuit of the stage is fed back to the 
input circuit in such a way that it cancels the base voltage caused by the 
unwanted feedback. Neutralization is accomplished by impressing a voltage 
on the base that is equal in magnitude, but opposite in phase, to the undesired 
feedback. Thus, the two voltages will “buck” each other out. 

The two ends of the primary winding of the output transformer (such as 
T, in Fig. 2-15) are of opposite phase. If this opposite phase voltage is fed to 
the base through the neutralizing capacitor (Cy of Fig. 2-15), the two voltages 
will cancel out. 

Another method for reducing the unwanted feedback, without neutraliza- 
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tion, is to use the common-base (or common-gate) amplifier configuration. A 
common-base RF amplifier circuit is shown in Fig. 2-17. The base is grounded. 
The input signal is applied to the emitter. The output is obtained between the 
collector and base, which is common to the input and output circuits. The — 
grounded base acts as.a shield between the input and output circuits, thus 
reducing feedback. 


2-3.2. RF Power Amplifier 


Most radio transmitters use some form of power amplifier to 
raise the low-amplitude signal developed by the oscillator to a high-amplitude 
signal suitable for transmission. For example, most oscillators develop sig- 
nals of less than 1 W, whereas a solid-state transmitter may require 100-W 
(or more) output. 

Figure 2-18 shows two basic RF power-amplifier circuits. In the circuit of 
Fig. 2-18(a), the collector load is a parallel-resonant circuit (called a tank 
circuit) consisting of variable capacitor C, and inductor L,, tuned to reso- 
nance at the desired frequency. The output, which is an amplified version of 
the input voltage, is from L,, which together with L, forms an output trans- 
former. . 

The circuit of Fig. 2-18(a) has both advantages and disadvantages. The 
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Figure 2-18 Radio-frequency power amplifiers 


winding of L, can be made to match the impedance of the load (by selecting 
the proper number of turns and by positioning L, in relation to L,). While 
that may prove an advantage in some cases, it also makes for an interstage 
coupling network that is subject to mismatch and detuning by physical 
movement of shock. 

Another disadvantage of the Fig. 2-18(a) circuit is that all the current 
must pass through the tank circuit coil. Also, for best transfer of power the 
impedance of L, should match that of the transistor output. Since two- 
junction transistor output impedances are generally low, the value of L, must 
be low, often resulting in an impractical size for L,. The circuit of Fig. 2-18(a) 
is a carry-over from vacuum tube circuits and, as such, is not often found in 
modern two-junction transistor amplifiers. However, the circuit is found in 
FET RF amplifiers (which are generally low power and higher impedance). 

The circuit of Fig. 2-18(b), or one of its many variations, is commonly 
found in solid-state radio transmitters using two-junction transistors. The 
collector load is a resonant circuit formed by the network of L,, C, and C). 
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Note that C, is marked “Loading adjust,” whereas C, is marked “Resonant 
tuning adjust.” These networks provide the dual function of frequency 
selection (equivalent to the tank circuit) and impedance matching between 
transistor and load. For impedances to be properly matched, both the resistive 
(so-called real part) and reactive (so-called imaginary part) components of the 
impedance must be considered. 

Both Fig. 2-18 circuits are operated class B, which is typical for RF 
amplifiers. Class B operation is obtained by connecting the emitter directly to 
ground and applying no bias to the base-emitter junction. Since any two- 
junction transistor requires some forward bias to produce current flow, the 
transistor remains cut off except in the presence of a signal. 


2-3.3. RF Multiplier 


The circuits of Fig. 2-18 can be used as a frequency multiplier. 
That is, the collector circuit is tuned to a higher whole-number multiple 
(harmonic) of the input frequency. Many radio transmitters use some form of 
multiplier to raise the low-frequency signal developed by the oscillator to a 
high-frequency signal. For example, most crystals used in oscillators have a 
fundamental frequency of less than 10 MHz, whereas a solid-state transmitter 
may produce an output in the UHF range. 

Although the circuits of power multipliers and power amplifiers are 
essentially the same, the efficiency is different. An amplifier operating at the 
same frequency as the input signal will have a higher efficiency than an 
identical circuit operating at a multiple of the input frequency. 


2-3.4. RF Amplifier-Multiplier Combinations 


The circuits of Fig. 2-18 can be cascaded to provide increased 
power amplification and/or frequency multiplication. Typically, no more than 
three stages are so cascaded. The stages can be mixed. That is, one or two 
stages can provide frequency multiplication, with the remaining one or two 
stages providing power amplification. 


2-4, DESIGN OF RF NETWORKS USING VOLTAGE 
VARIABLE CAPACITORS 


Voltage variable capacitors (VVC) are used in many applica- 
tions to tune RF networks. The capacitance of a VVC is controlled by an 
external voltage. That is, the capacitance can be varied when the external 
voltage is varied. If a VVC is used in an RF tuning network, it is possible to 
vary the network capacitance, and thus vary the network resonant frequency, 
with a variable external voltage. 
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A VVC is sometimes called a voltage variable diode since the device is 
constructed more like a diode than a capacitor. However, VVC is the 
accepted term. The reader can obtain a more comprehensive discussion of the 
theory of VVC operation by consulting the author’s Practical Semiconductor 
Databook for Electronic Engineers and. Technicians (Prentice-Hall, Inc., 
Englewood Cliffs, N.J., 1970). 

‘The main concern in designing with VVCs in any resonant circuit is the 
tuning range of the circuit. All other factors being equal, the tuning range is 
dependent on the capacitance range of the VVC. Motorola has developed a 
graph that shows how tuning range can be predicted using the VVC and 
external circuit parameters. 

Most VVC resonant circuits are in the form shown in Fig. 2-19 for 
parallel circuits, and in the form shown in Fig. 2-20 for series circuits. The 
effective circuit inductance is given by LZ. In some cases, for biasing purposes, 
there are additional RF chokes which, if properly chosen, have little effect on 
the resonant frequency. Circuit capacity shunting the VVC is given by C,,,. 
The VVC capacity is given by C, + C;, the sum of case and junction capaci- 
tances. 

Note: It is assumed that the resonant frequencies are well below the VVC 
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Figure 2-19 Typical parallel d—c 
circuits for VVC control bias 
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Figure 2-20 Typical series cir- 
cuit for VVC control 
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self-resonant frequency so that any inductance can be ignored. It is not 
recommended that the VVC be operated in a circuit near the self-resonant 
frequency. : 

One of the steps in finding the tuning range of a VVC resonant circuit is to 
find the VVC capacity at various voltages. Most VVC specification sheets 
list the capacity at one voltage only. The capacity at other voltages can be 
calculated using the ratio of the two voltages. The basic equation is 


known voltage 


105 
Voltage ratio = = {| ———__—__——___. 
1 unknown voltage 
- a5 


where known voltage is the voltage where the capacity is known, and unknown — 
voltage is the voltage where the capacity is not known. 

The basic equation also assumes a contact potential of 0.5 V, and a 0.5 
power law of the VVC junction (typical for silicon VVCs). 

For example, assume that it is desired to known the capacity of a VVC at 
—2V, if the capacity is 22 pF at —4 V. Since —2 V is less reverse bias than 
—4V, the capacity will be increased (by the ratio of the two voltages) 


l+ a3 


2 
1+ 6s 


1.34 x 22 pF = 29.48 pF 


= 1.34 ratio 


VVC tuning range problems can be solved using the graph in Fig. 2-21. 
The information there can be used with any VVC, as long as the problem is 
solved in terms of minimum-to-maximum capacity ratio. 


Sec. 2-4 


Percentage tuning range 
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Figure 2-21 Percentage resonant-circuit tuning range for VVC (Cour- 


tesy Motorola) 
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2-4.1. Using the VVC Resonant Circuit Graph 


The following is an example of how the graph in Fig. 2-21 can 
be used to find tuning characteristics of VVC circuits. Assume that the desired 
tuning range is between 60 and 90 MHz, and the circuit has a fixed value of 
10 pF. 

The equation of Fig. 2-21 shows that the percentage tuning range equals 
(fmax —Foin foe fnax iS 90 MHz, fain = 60 MHz, and fy = ./60 x 90= 
73 MHz. Thus, the percentage tuning range is (90 — 60)/73 = 0.41, or 41 
per cent. 

The maximum usable voltage (Vmax) for a typical VVC is 60 V. That is, the 
reverse voltage must not be more negative than —60V. Thus, the most 
negative reverse voltage determines the maximum usable voltage. 

The opposite voltage limit (nearest to zero volts) is determined by 
temperature stability and/or intermodulation effects because the VVC 
junction capacity varies sharply at low voltages. Temperature dependence 
enters via the contact potential, which is more significant with low applied 
bias voltages. It is generally accepted that a lower limit (Venin) of —2 V is used 
for most applications. 

As shown in Fig. 2-21, with a percentage tuning range of 41, a V,,,, of 60, 
and a V,,;, of 2 V, the nearest constant K is 2.5. 

Using a fixed circuit value C,,, of 10 pF, a C, of 0.3 pF (which is typical 
for a glass VVC), and constant-K of 2.5, calculate C,,,, as follows 


Ci = K(C.x; + C.) = 2.5(10 of 0.3) = 26 pF 


Note that this C,,, value is for a voltage of —2 V. If the VVC datasheet | 
lists another voltage for a given capacity, C,,,, must be related to that voltage. 
This can be done by calculating the ratio of the two voltages, as previously 
discussed, and then dividing the —2-V C,,,, by this ratio. For example, if the 
VVC datasheet shows a 22-pF capacity at —4 V, the ratio is 1.34. Using this 
ratio, and the —2-V C,,,, of 26 pF, the —4-V C,,,, is: 26 pF/1.34 = 19.4 pF 
for —4 V. 

Any VVC having a —4-V capacity greater than 19.4 pF will tune the 
desired range. Allowing for a standard tolerance of +10 per cent in capacity, 
a VVC with a nominal —4-V capacity of 22 pF (19.8 to 24.2) will meet most 
requirements. Where circuit Q is important (Sec. 2-1.1), the lowest possible 
capacity should be used. 

In some design situations, it is necessary to sacrifice minimum capacity 
(and best circuit Q). An example of this is where best temperature stability is 
desired. A VVC has best temperature stability where the minimum voltage 
is as high as possible. A similar case occurs when the maximum available 
control voltage is limited. Either situation increases the constant-K factor. 
For example, if the maximum available control voltage is 20 V,.a K of about 
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6 is required, assuming the same percentage tuning range of 41. If K is 
increased, C,,,, is increased, and a higher value VVC must be used, thus 
reducing circuit Q. 

The value of the coil to be used with the VVC can be determined using the 
equation 


; _ 2.54 x 108 
E Ge WA) = Fn MHz)* XC Gi pF) 


where L is the value of the coil, F is the minimum frequency, and C is the total 
capacity at the minimum voltage. 

Using the previous example, the minimum frequency is 60 MHz, and the 
total capacitance at —2 V is 39.8 pF (22 pF x 1.34ratio + 10-pF circuit 
capacity + 0.3-pF case capacity). Substituting these values, the value of L is 


2.54 x 10+ 


E (in wh) = Sor x 30.8 


=z 0.18 nH 


The maximum voltage required for the circuit can also be found by using 
the graph in Fig. 2-21. First find a new value of K using the 22-pF VVC 
(at —4 V) and the 1.34 ratio 


22 x 1.34 


= 10 + 0.3 


= 2.85 


Refer to Fig. 2-21 with a 41 per cent tuning range, and the new K of 2.85 
to find an X (horizontal axis) of about 0.24. 
_ Using the X of 0.24, the minimum allowable K of 2.5, and the contact 
potential of 0.5, find V,,, as follows 


__ minimum allowable K(2.5) 


pl be i data hh raha ohn BOs tential (0.5) = 43 V 
Vinax = X factor squared [(0.24)?] contact porennel (02) 


3 WAVE-GENERATING 
CIRCUIT DESIGN — - 


Virtually all of the classic vacuum tube wave-generating 
circuits can be duplicated with transistors. This includes sawtooth oscillators, 
multivibrators, and Schmitt triggers. In many cases, transistor wave- 
generating circuits are superior to vacuum tube circuits. Likewise, certain 
types of transistors are particularly well suited to specific wave-generating 
circuits. For example, the UJT (unijunction transistor) is generally an 
excellent source for sawtooth waveforms. In this chapter, we. shall discuss 
those transistor wave-generating circuits which have proven their value over 
the years. 


3-1. SAWTOOTH OSCILLATORS 


Both two-junction and FET transistors can be used in sawtooth » 
oscillator circuits. However, the UJT has certain characteristics that make it 
well suited for use as a sawtooth waveform source. The voltage waveform at 
the emitter of the UJT in the basic relaxation oscillator is a fair approximation 
of a sawtooth waveform. However, if the emitter output of a UJT oscillator is 
connected directly to a load (either inductive or resistive), the circuit may fail 
to oscillate. Even if oscillation continues, the waveform will probably be 
distorted. 

The most practical method to couple the emitter output of a UJT oscillator 
to a load is by means of a direct-coupled emitter follower. Such a circuit is 
shown in Fig. 3-1. Note that-simple direct coupling is made possible by the 
fact that typical minimum voltage at a UJT emitter Vg;_;,) is about 1.2 V. If 
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V eiminy 18 less than the normal base-to-emitter drop of the transistor, then the 
waveform across the load R, will be clipped. However, a typical base-emitter 
drop of a silicon transistor is about 0.7 V (or considerably less than 1.2 V). 


3-17.17. Design Considerations for UJT Sawtooth Oscillators 


The primary consideration for the circuit in Fig. 3-1 is the 
loading effect of the emitter follower. A small amount of loading will shift 
oscillator frequency. A large amount of loading will stop oscillation. This can 
be shown by the equivalent circuit in Fig. 3-2. 

The loading effect of the emitter-follower stage is approximated by an 
equivalent circuit (@ ++ 1)R, across capacitor C,, where f is the d-c common- 
emitter current gain of the transistor. It is seen from this equivalent circuit that 
loading will change the frequency of oscillation, since the capacitor charging 
circuit will be changed by the presence of the resistor (8 + 1)R;. 

To minimize the effects of loading on the frequency, the values of R, and 
B should be as large as possible. If the value of £ or R, is too small, the 
circuit will not oscillate. To ensure oscillation, 8 and R, must satisfy the 
condition 
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Figure 3-2 Equivalent circuit of 
UJT sawtooth oscillator 
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Rr +B +R, > maximum standoff ratio 


Often, the value of R, must be selected to match the impedance of a 
particular load. 

The effects of temperature must also be considered. Two important 
temperature effects are involved in the use of the emitter-follower stage. 

First, the variation in 8 with temperature will change the loading and thus 
affect the frequency of oscillation. To minimize this temperature effect, 
(B + 1)R, should be much greater than the value of R;. The values of C; and 
R, are chosen to provide the desired sawtooth frequency, as shown by the 
equations in Fig. 3-1. However, design should start with R;, by making R,a 
value between 0.1 and 0.2 times (8 + 1)R,. If this results in an impractical 
value for C;, increase the value of R; only as necessary to reduce the size of 
C, to practical limits. 

The second temperature effect results from the collector leakage current 
of the two-junction transistor, shown as J¢g in Fig. 3-2. Note that this current 
adds to the emitter leakage current J;, of the UJT. Both leakage currents 
tend to increase the frequency with increasing temperature. The effect of 
leakage currents of frequency can be minimized by using a large value for 
Cr. If the NPN transistor is silicon, the effects of the two leakage currents can 
be neglected at temperatures below 100°C. 

Some improvement in circuit operation can be achieved by using a PNP 
transistor as the emitter follower. With a PNP, the effective load résistance 
(6 + 1)R;, is in parallel with R; so that the possibility of non-oscillation due 
to a low value of £ or R, is eliminated. Another advantage is that the Jog of 
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the transistor subtracts from the I; of the UJT so that some degree of 
temperature compensation is obtained. This is particularly true if a silicon 
PNP transistor is used. 


3-7.2. Design Example of UST Sawtooth Oscillator 


Assume that the circuit of Fig. 3-1 is to provide a sawtooth 
output of approximately 5-V minimum into a 1-kQ load. The available 
power source is 20 V, and a transistor with a 8 of 50 is to be used. The UJT 
has a maximum standoff ratio of 0.7. 

The value of R, is 1 kQ to match the 1-kQ load. 

With R, at 1 kQ, and a f of 50, the value of (8 + 1)R, is 51 kQ. 

With (8 + 1)R, at 51 kQ, the value of R, should be between 5.1 kQ and 
10.2 kQ. Assume a value of 5.1 kQ. 

Substituting these values for comparison against the maximum standoff 
ratio, we have 


(50 + 1) x 1000 51,000 _ 9 9 


5100 + [((50 + 1) x 1000] 56,100 


Since 0.9 is greater than the maximum standoff ratio of 0.7, oscillation 
should be sustained with no difficulty. 

With an available source voltage V, of 20 V, the V, output voltage 
should be approximately 6 V (20 x 0.3) which is greater than the required 
5-V output. With 6 V across an R, of 1 kQ, there is 6 mA of current through 
the emitter follower. Of course, the emitter follower must be capable of 
dissipating this power plus whatever current is passing through the load. 

With R, at 5.1 kQ, select the value of C, to produce the desired frequency 
(or period) of operation (as shown by the equations in Fig. 3-1). 


3-1.3. Improving Linearity of UJT Sawtooth Oscillators 


For many applications, the sawtooth linearity obtained with 
the basic UJT relaxation oscillator is inadequate. Those UJTs with the 
lowest standoff ratio produce the most linear sawtooth waveforms. However, 
10 per cent is about the best linearity that can be obtained with low standoff 
ratio UJTs. 

A number of simple circuit techniques can be used to improve linearity of 
the sawtooth waveform from a UJT oscillator. Some practical circuits are 
shown in Fig. 3-3. 

High voltage. Figure 3-3(a) shows the direct approach of using a higher 


supply voltage for charging the timing capacitor. This is an inexpensive 
method of improving linearity if the high voltage supply is available. The 
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circuit of Fig. 3-3(a) has some disadvantage in that frequency is not as stable 
as with a single power supply. 


Charging inductance. Figure 3-3(b) shows the use of a charging choke to 
maintain a constant charging current for charging the timing capacitor. This 
circuit requires a time constant for the charging circuit which is much greater 
than the period of oscillation, as shown by the equation. This condition 
usually produces an impractical size of L at oscillator frequencies of less than 
1 kHz. 


Collector characteristics. Figure 3-3(c) shows the use of the high output 
impedance of a common-base transistor to maintain a constant charging 
current for the capacitor. The values of R, and C; remain the same as for the 
basic circuit. 

Two variations of a bootstrap circuit are shown in Figs. 3-3(d) and 3-3(e). 


Zener bootstrap. In Fig. 3-3(d), a constant voltage is maintained across 
R, by Zener diode D, and the emitter-follower transistor amplifier stage so 
that the capacitor charging current is constant over thé complete cycle. This 
circuit is quite economical because it makes double use of the transistor, both 
as a driver for the bootstrap circuit and as an output amplifier stage. Note that 
R, is returned to a negative voltage. If R, is grounded, the current flowing 
through D, would cause clipping at the bottom of the sawtooth waveform. 

The values shown for C,, R,, R, and R; provide a sawtooth output at 
about 2 kHz. These values are selected on the same basis as for the. basic 
circuit. The value of D, is 6 V, which is typical for a supply voltage in the 
20- to 25-V range. The value of R, is chosen to match a given load impedance. 
However, a change in R, value will change the output voltage, all other 
factors remaining the same. Note that the frequency of the Fig. 3-3(d) circuit 
is somewhat dependent upon the supply voltage. 


Capacitor bootstrap. In Fig. 3-3(e) the circuit uses a capacitor C, in place 
of the Zener diode. This variation permits the negative supply to be eliminated, 
thus making frequency largely independent of the supply voltage. i 

In each of the circuits shown in Figs. 3-3(a) to 3-3(e), the linearity is 
limited by the loading effect of the output stage so that it will not be possible 
to increase linearity beyond a certain value. This value is set by (8 + 1)R;. 


RC integrator. The circuit of Fig. 3-3(f) shows a method of compen- 
sating for both the loading of the output stage and the variable charging 
current of the timing capacitor. Resistor R, and capacitor C, act as an 
integrating network of the waveform. By varying the values of R,; and C,, the 
output waveform can be made concave upward, concave downward, or linear. 
In a practical application, the circuit is assembled in breadboard form, using a 
potentiometer for R,. The output is monitored on an oscilloscope, and the 
value of R; is adjusted to provide the most linear waveform. 
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Figure-3-3 Circuits for improving linearity of UJT sawtooth oscillators 


(Courtesy. General Electric) 
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3-2. MULTIVIBRATORS 


All three types of transistors (two-junction, FET, and UJT) can 
be used to form multivibrator circuits. In this section we shall discuss two 
basic multivibrators, one which uses two-junction transistors (or FETs), and 
the other which uses a single UJT. 


3-2.1. Basic Two-Transistor Multivibrator 


Figure 3-4 is the working schematic of a basic multivibrator. 
The circuit uses a pair of two-junction transistors. FETs.can also be used in a 
similar circuit. The circuit of Fig. 3-4 is of the high-current type. That is, the 
emitter resistor values are about half the collector resistor values, resulting in 
very high switching currents through the transistors. This requires transistors 
with a higher current capability (and higher power dissipation), but produces 
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Figure 3-4. High-current multivibrator 
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a circuit with high-frequency stability. That is, the circuit will maintain 
frequency to about | part in 10‘, in spite of large changes in supply voltage. 

The same circuit can be used as a Jow-current type where the collector 
resistors are about ten times the emitter-resistance value. This will require a 
lower current capability (and lower power dissipation) for the transistors, but 
will result in frequency changes with variations of the supply voltage. This is 
not always an undesirable condition. For example, in some telemetry circuits, 
a low-current type multivibrator is used as a voltage-to-frequency converter 
to transmit voltage information. However, for stability, the high-current type 
is far superior. 

In either type, the output is a symmetrical square wave. That is, both the 
positive and negative portions of the cycle are of the same duration and 
amplitude. The output can be taken from either half of the circuit. Likewise, 
either half of the circuit can be triggered, if desired. The circuit can be either 
free-running, where the frequency is determined by the RC time constant, or 
the circuit can be driven by a trigger source. 


3-2.2. Design Considerations for a Two-Transistor 
Multivibrator 


The following specific design considerations should be consid- 
ered. Note that only the high-current type circuit is discussed. 


Output voltage. The peak-to-peak output voltage (or square wave) is 
about 0.6 times the supply voltage if the collector resistance is about twice the 
emitter resistance. For example, if the supply is 10 V, each collector will vary 
between about 3.5 V and 9.5 V, on alternate half-cycles. 


Power dissipation. The power dissipated by each transistor can be 
approximated when the lowest collector voltage is multiplied by the collector 
current. For example, using the same 10-V supply, a 1-kQ collector resistor, 
and a drop of 3 V, the current is 10 — 3, or 7; 7/1000 or 7 mA. With 7mA 
and 3 V, the transistor power dissipation is 21 mW. 

Actually, this is minimum power dissipation (due to base current, etc.). To 
add a margin of safety, assume that the full supply voltage is applied with full 
current. In the above case, 7 mA x 10 V or 70 mW, is the maximum power 
dissipation required. 


Worst case design. Since a multivibrator is a switching circuit, the 
principles of worst case design should be applied. In simple terms, this means 
that the base current used should be about three times the theoretical base 
current. Generally, base current is calculated on the basis of required collector 
current divided by gain. In switching circuits, use three times the calculated 
base current. 

When the worst case design principle is applied, the transistor will 
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always be over-driven. While this is undesirable in most linear circuits, it is 
required for switching circuits. Under normal operating conditions, a 
switching circuit is driven into full saturation, or full cutoff, in the shortest 
possible time. 


Switching time. The total switching time of each transistor must be far 
less than the duration of one output cycle. Total switching time of a transistor 
is considered as the rise time, fall time, delay time, and storage time all added 
together. 

As arule, switching time must be less than 0.1 of the pulse duration (for a 
complete cycle). For example, if a transistor has a total switching time of 
1 wS, the pulse duration should be at least 10 uS. Thus, the maximum 
multivibrator operating frequency is 100 kHz. Switching time information is 
found on the datasheets for switching transistors (or transistors that could be 
used in switching applications). 


Symmetrical output. If both halves of the circuit are symmetrical, the 
output will be symmetrical. In some free-running circuits, a slight unbalance 
is introduced to ensure starting. A multivibrator is inherently stable, and may 
not start in the free-running configuration. An alternative method to start a 
free-running multivibrator is to connect a diode in series with either of the 
feedback resistances, as shown in dotted form in Fig. 3-4. The circuit will then 
be asymmetrical until it starts and reaches full operation. 


Operating frequency. The operating frequency is determined by the time 
constant of the feedback RC, and is approximately equal to the reciprocal of 
the time constant. The exact frequency is difficult to calculate, since the — 
transistor characteristics can affect the charge and discharge function. 

Various combinations of R and C could be used to produce a given time 
constant (and thus a given frequency). However, the value of R should be 
approximately equal to ten times the value of the collector resistor. Capaci- 
tors of corresponding values should be selected to produce the desired 
frequency. 


Bias relationships. The bias circuit can be calculated and tested on the 
basis of normal operating point, even though the circuit will never actually 
be there. A feedback signal will always be present, and the transistors will 
always be in a state of transition between full saturation and full cutoff. 

With the capacitors removed, both halves of the circuit should be forward- 
biased, and the collector should be approximately 0.6 of the supply voltage. 
Likewise, the emitter should be about 0.2 (or less) of the supply voltage, and 
the base should be about -++0.5 V (for NPN transistors) or negative (or PNP 
transistors) in relation to the emitter. Since the values of the collector, emitter, 
and feedback resistances are set by other circuit considerations, the value of 
R, (base resistance) must be chosen to provide the necessary bias. 
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In practice, the values should be calculated, and the circuit assembled in 
experimental form, but with the capacitors omitted. The emitter, collector, and 
base should be checked for the desired voltage relationships. Then, if neces- 
sary, the value of R, should be adjusted to produce the desired relationships. 
For a symmetrical output, the element voltages should be the same at both 
transistors. 


3-2.3. Design Example of a Two-Transistor Multivibrator 


Assume that the circuit of Fig. 3-4 is to provide a 12-V output 
at 7 kHz, operating as a free-running multivibrator. The available transistor 
has a total switching time of 1 iS, will dissipate 100 mW without a heat sink. 

With a required output of 12 V (peak-to-peak), the supply must be 
12/0.6, or 20 V. With a 20-V supply, each transistor will drop to about 7 V 
when fully saturated. This is a 13 V drop. 

If the transistors are to be operated without heat sinks, the transistor 
power dissipation can not be exceeded. To allow some safety margin, assume 
that the dissipation limit is 90 mW instead of the rated 100 mW. With the 
collector at 7 V, and a maximum dissipation of 90 mW, the maximum 
allowable current is 0.090/7, or 13 mA. 

With a 13-mA current and a 13-V drop (under maximum conditions) the 
collector resistors R, should be 13/0.013, or 1 kQ. 

With 1 kQ for the collector resistors, the emitter resistors R; should be 
500 Q (510 Q as the nearest standard), and the feedback resistors Reecapack 
should be 10 kQ. 

~ The value of the base resistors R, should be calculated on the basis of 
operating point. Under the operating point conditions (capacitors removed 
from the circuit), the collectors should be at about 0.6 of the supply voltage, 
or at about 12 V, while the emitter should be slightly less than 0.2 of the 
supply voltage, or about 4 V. Under these conditions, there must be about 
8 mA of collector current flowing, producing an 8-V drop across RC, and a 
4-V drop across Rg. 

With the emitters at about 4 V, the base should be at about 4.5 V(+4.5 V 
for the NPN shown). With 4.5 V at each base, and 12 V at each collector, 
there must be a 7.5-V drop across each feedback resistor. Since the feedback 
resistors are 10 kQ, the current must be 0.75 mA to produce a 7.5-V drop. 

The 0.75-mA current through the feedback resistors is a combination of 
base current, and the current through the base resistors R,. The base current 
can be estimated on the basis of gain and required collector current. Assume 
that the rated gain is 120. Using half of this value for safety, and a required 
8-mA collector current, the base current is 0.008/60 or 0.13 mA. 

| By subtracting the 0.13-mA base current from the 0.75-mA feedback 
resistor current, the base resistor R, current is 0.75 — 0.13, or 0.62 mA. 
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With base voltage of 4.5 V, and an R, current of 0.62 mA, the R, resis- 
tance values are 4.5/0.00062 or 7.3 kQ (the nearest 10 per cent standard value 
is 6.8 kQ). 

In practice, the circuit should be assembled in breadboard form, omitting 
the capacitors, and using variable resistors for each R,. Both R, values should 
be adjusted as necessary for equal voltages at corresponding transistor 
elements. Then the capacitors can be connected, and the output waveform 
checked for correct frequency, waveform and amplitude. With the resistance 
ratios selected, the output amplitude should be approximately equal to the 
operating point collector voltage (or about 12 V in this case). 

With a value of 10kQ for the feedback resistors;-and a frequency of 
7 kHz, the value of the feedback capacitors is 1/(10,000 x 7000), or 0.014 uF. 


3-2.4. UJT Multivibrators 


It is possible to use a single UJT as a multivibrator. The basic 
UJT multivibrator circuit is shown in Fig. 3-5. Note that the circuit is 
essentially the same as for the basic relaxation oscillator, except for the 
addition of R, and CR,. Diode CR, is forward-biased when C is being 
charged. Charging time is set by R, and C in the normal manner. However, 
when C is discharging, CR, is reverse-biased (the anode of the diode is 
negative). As long as the capacitor is charged, the discharge current must 
flow through R,, with the R,C constant determining the discharge time. 

As shown by the waveforms, the output at Base 2 is an approximate 
square wave, with the oN and oF intervals separately controlled by R, and 
R,. The time ¢, is the period for which the UJT is orf, and ¢, is the period for 
which the UJT is on, and CR, is reverse-biased, 

A fairly accurate approximation of these times can be made by using the 
following equations 


= Vy ~*~ Vy 
t, = R,C in (poy = 2) 


ty = RC ln (Fj) 


if 


where V, is the emitter voltage measured at an emitter current J, = 
V,(R, + R,)/R,R, and may be taken from the emitter characteristic curves. 

However, a simplified rule is to make R, approximately twice the value of 
R, when t, is to equal t,. 

In a practical experimental circuit, calculate trial values for a given t, on 
the basis of a simple R,C time constant. Then use a variable resistance for 
R,, starting with a value twice that of R,. | 

The basic UJT multivibrator may be coupled to a conventional transistor 
by means of a circuit such as shown in Fig. 3-6. In this circuit, the emitter-to- 
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Figure 3-5 UJT multivibrator (Courtesy General Electric) 


base diode of the transistor takes the place of the diode in the circuit of Fig. 
3-5. The Fig. 3-6 circuit has the advantage that the load section is completely 
isolated from the timing section of the circuit. However, all of the timing 
values remain the same. 

Note that in the circuit of Fig. 3-6, both Base 1 and Base 2 resistors are 
omitted. The Base | resistor is actually not required in either circuit, although 
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Figure 3-6 UJT multivibrator 
coupled to load through an 
NPN transistor 


the addition of a Base 1 resistor to either circuit will minimize excessive 
emitter current when the UJT fires (if that is a problem with any particular 
application). The Base 2 resistor provides temperature compensation and can 
be used or omitted to fit a particular application. In the case of the Fig. 3-5 
circuit, the Base 2 resistor R, is required since the output is developed across 
this resistor. In the Fig. 3-6 circuit, output is taken from transistor Q,, and no 
temperature compensation is provided. 


3-3. SCHMITT TRIGGERS 


A Schmitt trigger is a bistable network which switches from one 
stable state to the other when an input signal varies above or below predeter- 
mined voltage levels. The Schmitt trigger is widely used as a voltage-level 
detector in analog and analog-digital systems. The Schmitt trigger is also 
used as a pulse-shaping circuit. 

A JFET can be used in conjunction with a two-junction transistor to form 
a Schmitt trigger. Such an arrangement takes advantage of the JFET’s high 
input impedance and the two-junction transistor’s high-current capacity. 


3-3.7. Design Considerations for Schmitt Triggers 


Figure 3-7 shows a Schmitt trigger circuit configuration, using 
both the FET and two-junction transistors. Note that the input is applied at 
the FET gate, and the output is taken from the two-junction transistor 
collector. Assume, for the present analysis, that the FET Q, is removed from 
the circuit. The voltage level at point A, V,, is sufficiently positive to turn on 
transistor Q,; and the voltage level at point B, Vg, is clamped by the emitter- 
base junction of Q, to one diode drop below V,, (typically 0.5 to 0.7 V for a 
silicon transistor). With the FET Q, back in the circuit, the gate-source 
voltage V,; of Q, is given by 


Vos = Vin— Ve (3-1) 
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Figure 3-7 Schmitt trigger cir- 
cuit using FET at input (Courtesy 
Texas Instruments) 


The FET is nonconducting if Vas is at least as negative as the pinch-off 
voltage Vp of the device. Hence, from Eq. (3-1), the FET is pinched off if 


Vin — Va = Vp (3-2) 


Circuit design is such that the inequality of Eq. (3-2) is valid for a zero- 
level input signal; output voltage of the circuit is low as Q, is turned on and 
Q, is turned off. As Vy, is made increasingly positive, a voltage level is 
reached where V;, — V, becomes slightly more positive than V, and the FET 
begins to conduct current. 

The resulting voltage drop across R, causes Q, to partially turn off. This 
lowers the V, level and Q, turns on even harder. The regenerative action 
causes the Schmitt trigger circuit to switch to the state where Q, is fully 
turned on, and Q, is at cutoff. Output voltage Voyy is then at a relatively 
positive level. 

As Vyx is reduced from a large positive voltage level toward ground 
potential, QO, begins to conduct less current. Eventually, a level of Vix is 
reached at which the inequality of Eq. (3-2) is satisified. The circuit then 
switches to the state where Q, is turned off and Q, is fully on. 

The quiescent states of the Schmitt trigger circuit correspond to the 
operating conditions where Q, is on and Q, is off, or where Q, is off and Q, 
is on, Therefore, the circuit has two stable stages, determined by the level of 


Vin. 
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Open-loop gain. Regeneration occurs in the Schmitt trigger circuit when 
the open-loop gain of the circuit is equal to, or greater than, unity. This gain 
can be determined by opening the circuit at a convenient point and treating . 
the resulting network as a linear amplifier. The circuit can be opened at the 
drain of Q,, as shown in Fig. 3-8. 


+ Vee 


Figure 3-8 Network for obtaining open-loop gain of Schmitt trigger 
circuit (Courtesy Texas Instruments) 


An input signal e, is applied to resistor R,. The output signal e, appears at 
point C. Transistor Q, is biased in the active region by R, connected to the 
supply voltage. A d-c voltage +V is applied to the gate of Q, in order to bias 
Q, in the active region. An expression for open-loop gain can be described by 


Riles ED) 2 T (Ey - 7") 


Ay (3-3) 


where: 


A, is open-loop voltage gain 
Y,, is small-signal common-source output admittance of Q, 


Y,, is small-signal common-source forward transfer 
admittance of Q, 


hyz is d-c current gain of QO, 
Rz is equal to (1 ele Y,.Ry)Rs/[Ra(Y;, a Yui) = RY. + 1] 


Parameters Y,, and Y,, in Eq. (3-3) are dependent upon d-c operating 
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levels of the FET. Figure 3-9 shows measured plots of these two parameter 
foran FET. At extremely low current levels, the small value of Y,, prevents 
regeneration in the Schmitt trigger circuit. However, as current increases in the 
FET, Y,, becomes large enough for the open-loop gain to exceed unity. 

Equation (3-3) can be reduced to fewer terms by using the relationships 
R,Y,, < land Y,, >> Y,,. This allows Eq. (3-3) to be simplified to 


Ay & (3-4) 


RR, 
Rie oe 

The above expression is used to determine Y,, for unity circuit gain. From 
a Y¥;, — Yog plot of the type shown in Fig. 3-10, the corresponding Vs level 
can be determined. 

The validity of Eq. (3-4) was checked by breadboarding the circuit of Fig. 
3-11. The FET (the characteristics of which are shown in Figs. 3-9 and 3-10) 
is used in the circuit of Fig. 3-11. For a given level of Ip, a corresponding 
value for Y;, is obtained from 3-11(a). This Y;, level is then substituted into 
Eq. (3-4) together with resistor and A,;, values. Figure 3-11(b) shows 
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Figure 3-11 Test circuit for determining open-loop gain,.and plots of 
measured and calculated open-loop gain 
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measured and calculated plots of A, versus Ip. These plots show that Eq. 
(3-4) gives a close approximation to open-loop voltage gain. 


Trigger-voltage levels, The input voltage level at which the Schmitt 
trigger circuit changes from the low-output voltage state to the high-output 
state is referred to as Voy. The input voltage level at which the circuit switches 
back to the low-output voltage state is designated Vopr. 

Consider that input voltage Vy, (to the circuit of Fig. 3-7) is at a low 
potential, and that Q, is conducting. Transistor Q, may be either in satura- 
tion or in the active region, depending upon the circuit design. If Q, is 
saturated, the circuit does not behave as a linear amplifier, and a small 
voltage change at point C has no effect upon collector current of Q,. In order 
for collector current of Q, to change, drain current of Q, must increase to the 
level where the voltage drop across R, causes Q, to turn off slightly. However, 
if Q, is not saturated, the circuit is a linear amplifier at any level of drain 
current, and regeneration occurs at a lower level of Vj. Thus, Q, is main- 
tained out of saturation for the following analysis: 

For Q, is cutoff in Fig. 3-7, Vz is given by 


Vg =Vag- V gzi0n) (3-5) 


where: Vzz,on) is the base-emitter forward voltage drop of Q,. In the last 
expression, V., can be described by 


po Vee = TAR, = R, IR; z 
V4" R + Ry FR: a 


Substitute the right side of Eq. (3-5) for V, in Eq. (3-1). Also from Eq. 
(3-5), substitute Von for V;x in Eq. (3-1). Solving the resulting expression for 
Von gives 


Von = Vos a ha Veron) (3-7) 


The latter equation gives the value of Von in terms of circuit parameters. 
Voltage Vg; is at the level which makes open-loop circuit gain equal unity. 

When the Schmitt trigger circuit of Fig. 3-7 switches to the state where Q, 
is ON and Q, is OFF, base-emitter voltage of Q, is given by 


Vee — Ip R,)R 
Vozorn = Geom — IpRe (3-8) 


where V grrr iS Off-state voltage of Q,, and J, is the drain current of Q;. 
The above level of Veriorr) is now more negative than the base-emitter 

turn-on voltage of Q,. As Vy is decreased, J, decreases and Vg grr) becomes 

more positive. In order for Q, to begin conducting, the level of Vzz(orr, must 
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increase to approximately 0.5 V (assuming that Q, is a low-power silicon 
transistor). 


3-3.2. Design Example of Schmitt Triggers 


Assume that the circuit of Fig. 3-7 is to be used as a Schmitt 
trigger. The circuit conditions are: Voy = 2 V, Vorr = 1.8 V, Vec = +20 V. 
The FET is a 2N3824, having a V, of approximately 5.15 V and character- 
istics similar to those shown in Figs. 3-9 and 3-10. A 2N706 transistor is used 
for Q,. 


Collector current J; and R;. The product J,R, determines voltage swing 
at the output. When Q, is conducting, the magnitude of V¢- is dropped 
across the series combination of R,, Q,, and R,. At this point in the analysis, 
none of the above three voltage drops is known. 

The voltage drop across R, can be decribed by combining Eqs. (3-5) and 
(3-7), and solving the resulting expression for V,; this yields 


> Von pa Ves < (3-9) 


When Q, turns ON, Vz is slightly less negative than V, (assume a Vg, of 
—5 V). Under these conditions, V, is not larger than 2 — (—5), or 7 V. 

At least 1 V should be maintained across Q,(V¢;) in order to assume that 
Q, does not saturate. Voltage swing across R, can be seen as large as 
20 — 7 — 1, or 12 V. 

Select a value of 10 V for the product J,R,;. This gives a Vez level of 2 V 
for the on state of Q,. The choice of values for J, and R, is dependent largely 
upon capacitive loading at the circuit output, and any limitation upon fall 
time of the output voltage waveform (a lower value of R, will lower fall time). 
However, since this example has no specification for fall time, choose R, to be 
10 kQ. This given an J, level of 1 mA. 


Resistors R; and R,. For a collector current of 1 mA, Vz; of the 2N706 is 
measured to be 0.67 V. The value of V,, to be used in the following equations 
is that value which will make open-loop gain equal to unity. However, since 
R,, R,, and R; are not known at this point, it is not possible to use Eq. (3-4) to 
determine the level of Y,, (and, consequently, Vs) to give a Y,, of 500 zmhos 
(about --5 V). Substitution of the Vs value (—5 V), the Vz, level (0.67 V), 
and the Voy level (2 V) into the following equation yields a V, of 7.67. 


Va= Von — Ves a Var 


= 2 —(—5) + 0.67 = 7.67 Oe) 


With V,, at 7.67, the voltage at point B (or Vg) is 7 V, since Vg is Vy — Voz. 


Sec. 3-3 Schmitt Triggers 79 


The value of R, can be determined by 


is (3-11) 


Figure 3-12 shows the input circuit to the base of Q,. For Q, turned off, 
and neglecting the small collector-base reverse leakage current I,, voltage V, 
is given by 


> Cas IoR; (3-12) 


In order to maintain V, at a level which is relatively independent of small 
changes in base current, let J, be 10 times the value of /,. Common-emitter 
d-c current gain h,, of the particular 2N706 transistor used here has a value of 
82 at 1 mA of collector current, and a Vz, of 0.67; 1 ma/82 gives a I, level of 
0.0122 mA. By making J, 10 times Jy, the value of J, is 0.122 mA. With V, at 
7.67 and I, at 0.122, Eq. (8-12) shows that R, is 7.67/0.122 = 62.8 kQ. 


| Resistors R, and R,. Current J, in the circuit of Fig. 3-12 can be described 
by 
V 


| en ee oe 
OT MR Ra eR 


(3-13) 

All terms except R, and R, are known at this point. Equation (3-8) also 
contains the terms R, and R,. Equations (3-8) and (3-13) can be solved 
simultaneously for R,; to give 


Veo - (Vegworr + Ip Ra) Veo + 0.17, R3) - 
eae i L.UpIoR; Gis) 
+ Veg 


Figure 3-12 Inputto base of Q2 
(Courtesy Texas Instruments) 
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All terms of Eq. (3-14) are known, except Vgsiorr) and Ip. Vazorr 18 
assumed to be 0.5 V (which is logical for a silicon transistor). The value of Ip 
should be that current which is produced (by Vyy) at the Voge level of 1.8 V. 

A graphical procedure is used to determine J, for a given level of Vy. A 
portion of the FET transfer curve is shown in Fig. 3-13, together with a load 
line having a slope of 1/R,. This load line intersects the horizontal axis at the 
Vopr level of 1.8 V. The load line also intersects the J, curve at about 0.875 
mA. Thus, an J, of 0.875 is flowing when the gate of Q, is at 1.8 V (the Vopr 
level). Using Eq. (3-14), R, is found to be 4,2 kQ. 


Ip (MA) 


Figure 3-13 Transfer curve and 
2 1 O -1 -2 -3 -4 -5 —6 ~ load line for design example 
Veg (V) (Courtesy Texas Instruments) 


With Voc, Io, R,, and R; known, Eq. (3-13) can be rearranged to find R, 
as follows 


Veo oR, 
R= 2 — 
20 (3-15) 
aan — 62.8 kQ 
_ 0.122 mA 
—] Li — 4.2kQ 


4 PHOTOTRANSISTOR 
CIRCUITS 


A phototransistor is a device used for controlling current flow 
with light. Basically, any transistor will function as a phototransistor if the 
chip is exposed to light. However, certain design techniques are required to 
make the best use of the phototransistor effect. 

The circuits using phototransistors also require special design techniques. 
The circuit designer must supplement his conventional circuit knowledge with 
the terminology and relationships of optics and radiant energy. This chapter 
provides the information necessary to supplement that knowledge. 

The chapter starts with a brief review of phototransistor theory and char- 
acteristics, followed by a discussion of irradiance, illuminance, and optics 
(concentrating on their significance to phototransistor circuit design). Both 
low-frequency/steady-state design and high-frequency design problems are 
considered. Use of the basic design information is then demonstrated with 
typical phototransistor circuit design examples. 


4-1. PHOTOTRANSISTOR THEORY 


Phototransistor operation is a result of the photo-effect in 
semiconductors. Light of a proper wavelength will generate hole-electron 
pairs (carriers) within the transistor, and an applied voltage will cause these 
carriers to move, thus causing a current to flow. The intensity of the applied 
light will determine the number of carrier pairs generated, and thus the 
magnitude of the resultant current flow. 

_ Ina phototransistor, the generation of carriers takes place in the vicinity 
of the collector-base junction, As shown in Fig. 4-1, for an NPN device, the 
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source junction 
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Figure 4-1  Photo-generated 
carrier Movement in a photo- 
F oe carrier 


photo-generated holes will gather in the base. In particular, a hole generated 
in the base will remain there, while a hole generated in the collector will be 
drawn into the base by the strong field at the junction. The same process will 
result in electrons tending to accumulate in the collector. However, a charge 
will not accumulate at the junction. Instead, the charge will try to distribute 
evenly throughout the bulk regions. Consequently, holes will diffuse across 
the base region in the direction of the emitter junction. 

When the holes reach the junction, they will be injected into the emitter. 
This, in turn, will cause the emitter to inject electrons into the base. Since the 
emitter injection efficiency is much larger than the base injection efficiency, 
each injected hole will result in many injected electrons. 

At this point, normal transistor action occurs. The emitter-injected 
electrons travel across the base and are drawn into the collector. There, the 
electrons combine with the photo-induced electrons in the collector to appear 
as the terminal collector current. 

Since the actual photogeneration of carriers occurs in the collector-base 
region, the larger the area of this region, the more carriers generated. Thus, 
as shown in Fig. 4-2, the phototransistor is designed to expose a large area to 
the light. 


4-2. PHOTOTRANSISTOR STATIC CHARACTERISTICS 


A phototransistor can be either a two-lead or a three-lead 
device. In the three-lead form, the base is made electrically available, and the 
device may be used as a standard two-junction transistor, with or without 
the additional capability of sensitivity to light. In the two-lead form, the base 
is not electrically available, and the transistor can only be used with light as 
an input. In most applications, the only drive to the transistor is light, and 
so the two-lead version is more prominent. 
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Figure 4-2 Typical double-diffused phototransistor structure 


The phototransistor can be modeled as a two-lead device as shown in 
Fig. 4-3. In this circuit, current generator (gen) represents the photo-gen- 
erated current. The remaining elements of Fig. 4-3 should be recognized as 
the component distribution in the hybrid-pi transistor model. Note that the 
mode of Fig. 4-3 indicates that under dark conditions, Jggn is zero and so 
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Figure 4-3 Floating base approximate model of phototransistor 
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V,. is zero. This means that the terminal current J (approximately equal to 
LmV ze) 1S also zero. 

In reality, there is a thermally generated leakage current J, which shunts 
Igen. This current [ggg is typically on the order of 10 nA at room tempera- 
ture and may be neglected (in most cases). 

As a three-lead device, the model in Fig. 4-3 need only have a resistance 
r, connected to the junction of C,, and C,,. The other end of this resistance is 
the base terminal. Since the three-lead phototransistor is less common than 
the two-lead version, the only advantages of having the base leads available 
are to stabilize the operation of the device for wide temperature variations, 
or to use the base for unique circuit purposes. 

Mention is often made of the ability to optimize-a phototransistor’s 
sensitivity by using the base. The idea is that the device can be electrically 
biased to a collector current at which h,, (or #) is maximum. However, the 
introduction of any impedance into the base results in a net decrease in 
photosensitivity. This is similar to the effect noticed when Icgg is measured 
for a transistor and found to be greater than J¢zz. The base-emitter resistor 
shunts some current around the base-emitter junction, and the shunted 
current is never multiplied by h,,. When the phototransistor is biased to 
peak A,,, the magnitude of base impedance is low enough to shunt an appre- 
ciable amount of photo current around the base-emitter. The result is actually 
a lower device sensitivity than found in the open base mode. 


4-2.1. Spectral Response of Phototransistors 


By definition, a phototransistor is sensitive to light of particular 
wavelengths. In practice, however, response is found for a range of wave- 
lengths. Figure 4-4 shows the normalized response for a typical photo- 
transistor series (Motorola MRD devices) and indicates that peak response 
occurs at a wavelength of 0.8 wm (micrometers). The warping in the 
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Figure 4-4 Constant energy spectral response for Motorola MRD series 
phototransistors (Courtesy Motorola) 
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response curve in the vicinity of 0.6 wm results from interference in the oxide 
layer covering the transistor surface. 


4-2.2. Radiation Sensitivity of Phototransistors 


The absolute response of an MRD450 phototransistor to radia- 
tion is shown in Fig. 4-5. This response is standardized to a tungsten source 
operating at a color temperature of 2870°K (color temperature is expressed 
in degrees Kelvin). As the following discussions will show, the transistor 
sensitivity is quite dependent on the color temperature of the light source. 
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Figure 4-5 Radiation sensitivity for MRD450 (Courtesy Motorola) 


4-3. RADIATION AND ILLUMINATION SOURCES 


The effect of a radiation source on a phototransistor is depen- 
dent on the transistor spectral response, and the spectral distribution of energy 
from the source. When discussing such energy, two related sets of terminology 
are available. The first is radiometric which is a physical system; the second 
is photometric which is a physiological system. 

The photometric system defines energy relative to the visual effect. As an 
example, light from a standard 60 W bulb is certainly visible and, as such, 
has finite photometric quantity. Radiant energy from a 60 W resistor is not 
visible and has zero photometric quantity. However, both the bulb and re- 
sistor have finite radiometric quantity. 

The defining factor for the photometric system is the spectral response 
curve of a standard observer. This is shown in Fig. 4-6 and is compared with 
the spectral response of the MRD series. The defining spectral response of the 
radiometric system can be imagined as unit response for all wavelengths. A 
comparison of radiometric and photometric terminology is given in Fig. 4-7. 


{00 


Relative response (%) 


MRD 
series 


Standard 
observer 


0405 06 O07 O08 O89 
Wavelength (i:m) 


phototransistors 


Figure 4-6 Spectral response for standard observer and MRD series 
phototransistors (Courtesy Motorola) 
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Figure 4-7 Comparison of radiometric versus photometric terminology, 
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There exists a relationship between the radiometric and photometric 
quantities such that at a wavelength of 0.55 wm (the wavelength of peak 
response for a standard observer), 1 W of radiant flux is equal to 680 1m 
(lumens) of luminous flyx. 

The photometric effect of a radiant source can often be measured directly 
with a photometer. Unfortunately, most phototransistors are specified for use 
with the radiometric system. Therefore, it is often necessary to convert photo- 
metric source data, such as the candle power rating of an incandescent lamp 
to radiométric data. 


4-3.1. Geometric Considerations of Light Sources 


In the design of electro-optic systems, the geometrical relation- 
ships are of prime concern. A source will effectively appear as either a point 
source, OF an area source, depending upon the relationship between the size 
of the source and the distance between the source and the detector. 


Point sources. A point source is defined as one for which the source dia- 
meter is less than ten per cent of the distance between the source and the 
detector. Figure 4-8 shows a point source radiating uniformly in every direc- 
tion. Figure 4-8 also lists the design relationships for a point source in terms 


Solid angle in steradians Detector area Ap 


r= distance between the source 
and the detector 


Point source radiating Solid angle in steradians subtended 
uniformly in all directions by the detector area= Ap ype 


Total solid angle of the sphere = 
(12.56 xr#)/r? =12.56 x steradians. 


Point Source Relationships 


Description , Radiometric Photometric 
Point source Ip,watts /steradian I,, lumens /steradian 
intensity 
Incident flux lrradiance H= Illuminance E= % 
density IL, sr2 watts /distance* J, /r* lumens /distance 
Total flux P=12.56 I, watts F=12.56 J, lumens 
output of 


point source 


Figure 4-8 Point source relationships 
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of both radiometric and photometric quantities. Figure 4-8 is based on the 
assumption that the photodetector is aligned such that its surface area is 
tangent to the sphere with the point source at its center. It is possible that the 
plane of the detector can be inclined at an angle from the tangent plane. 
Under this condition, as shown in Fig. 4-9, the irradiance (#7) and illuminance 
(E) change (in proportion to the angle). 


Point source (I) 
Distance 


r 


Figure 4-9 Irradiance H and 
_f{L, illuminance —& when detector is 
E= cos not normal°to source direction 


Area sources. When the source has a diameter greater than 10 per cent 
of the separation distance, it is considered to be an area source. This situa- 
tion is shown in Fig. 4-10. Figure 4-11 lists the design relationships for an 
area source. 
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Figure 4-10 Area source geometry 


A special case that deserves some consideration occurs when the diameter 
of the source is much greater than the separation distance (that is, when the 
detector is quite close to the source). Under these conditions, the emitted and 
incident flux densities are equal, and the total incident energy is approximately 
the same as the total radiated energy. When this occurs, unity coupling is said 
to exist between source and detector. 
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Description Radiometric Photometric 

Source intensity 8, watts /em?/steradian B,, lumins /cem?/steradian 
Emitted flux W= 3.14 B,, watts /cm? L=3.14B, , lumens/cm® 
density 

BA BA 
Incident flux . H= recs watts/em@ FE = lumens /em* 
density 24/2 24/2 

r2+(5) P+ (3) 


Figure 4-11 Normal and special-case design relationships for an area 
source 


4-3.2. Lens Systems for. Phototransistors 


A lens can be used with a photodetector to effectively increase 
the irradiance on the detector. As shown in Fig. 4-12(a), the irradiance on a 
target surface for a point source of intensity Tis: irradiance = intensity/separa- 
tion distance”. In Fig. 4-12(b), a lens has been placed between the source and 
detector. If the lens radius is greater than the detector radius, the lens pro- 
vides an increase in incident irradiance on the detector. The approximate gain 
of the lens system can be found by: lens system gain = 0.9 x (lens radius/ 
detector radius)?. 

It should be pointed out that arbitrary placement of a lens may be more 
harmful than helpful. That is, a lens system must be carefully planned to be 
effective, 

For example, the MRD300 phototransistor contains a lens which is effec- 
tive when the input is in the form of parallel rays (as approximated by a 
uniformly radiating point source). If a lens is introduced in front of the 
MRD300 as shown in Fig. 4-13, the lens will provide a non-parallel ray input 
to the transistor lens. Thus, the net optical circuit will be misaligned. The net 
irradiance on the phototransistor chip may in fact be less than without the 
external lens. 
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Figure 4-12 Use of a lens to increase irradiance on a detector 
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Figure 4-13 Possible misalignment due to arbitrary use of external lens 


The arrangement of Fig. 4-14 shows an effective lens system. Lens 1 con- 
verges the energy incident on its surface to lens 2 which reconverts this energy 
into parallel rays. The energy entering the phototransistor lens as parallel rays 
is the same (neglecting losses) as that entering lens 1. Another way of looking 
at this is to imagine that the phototransistor surface has been increased to a 
value equal to the surface area of lens 1. 


4-3.3. Fiber Optics for Phototransistors 
Another technique for getting the best coupling between source 


and detector is to use a fiber. bundle to link the phototransistor with the light 
source. Operation of fiber optics is based on the principle of total internal 
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Figure 4-14 Effective use of external optics with MRD300 photo- 
transistor 


reflection. Figure 4-15 shows the application of this principle to fiber optics. 
A glass fiber of refractive index n is clad with a layer of glass of lower refrac- 
tive index n’. A ray of light entering the end of the fiber will be refracted as 
shown. (Light is refracted when it passes through the interface of two dis- 
similar materials.) 

_If, after refraction, the light approaches the glass interface at an angle 
greater than the “critical angle” in Fig. 4-15, the light will be reflected within 
the fiber. As with any optic system, the angle of reflection equals the angle of 
incidence. Thus, the light ray will bounce down the fiber and emerge, re- 
fracted, at the exit end. For total internal reflection to occur, a light ray must 
enter the fiber within the half-angle, as shown (outside of the “critical 
angle”). 


A = angle of incidence = B = angle of reflection 
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Figure 4-15. Refraction in an optical fiber used between a light source 
and.a phototransistor 
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Once the light ray is within the fiber, the ray will suffer some attenuation. 
For typical glass fibers, an absorption rate from 5 to 10 per cent per foot is a 
reasonable guideline. Also, there is an entrance and exit loss at the ends of the 
fiber which typically result in about 30 per cent loss. As an example, an 
illuminance at the source end of a 3-ft fiber bundle will appear at a level of 
about 50 per cent at the detector. 


4-3.4, Tungsten Lamps for Phototransistors 


Tungsten lamps are often used as radiation sources for photo- 
detectors. The radiant energy of these lamps is distributed over a broad band 
of wavelengths. Since the eye and the phototransistor exhibit different wave- 
length-dependent response characteristics, the effect of a tungsten lamp will 
be different for both. The spectral output of a tungsten lamp is very much a 
function of color temperature. 

Color temperature of a lamp is the temperature required by an ideal 
blackbody radiator to produce the same visual effect as the lamp. At low 
color temperatures, a tungsten lamp emits very little visible radiation. How- 
ever, as color temperature is increased, the response shifts toward the visible 
spectrum. 

Figure 4-16 shows the spectral distribution of tungsten lamps as a func- 
tion of color temperature. The lamps are operated at a constant wattage and 
the response is normalized to the response of 2800°K. For comparison, the 
spectral response of both the standard observer and the Motorola MRD 
phototransistors are also plotted. 
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Figure 4-16 Radiant spectral distribution of tungsten lamp.as a func- 
tion of color temperature 
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illuminant source is frequently provided, the sensitivity to an irradiant source 
is more common. Thus, it is advisable to carry out design work in terms of 
irradiance. However, since the spectral response of a source and detector are, 
in general, not the same, a response integration must be performed. 

Graphical integration has been performed for the MRD phototransistors 
for several values of lamp color temperature. The results are given in Fig. 
4-17 in terms of ratios. 

Figure 4-17 provides the irradiance ratio H,/H versus color temperature. 
As shown, a tungsten lamp operating at 2600°K is about 23.6 per cent effec- 
tive on the MRD series phototransistors. That is, if the broadband irradiance 
of such a lamp is measured at the detector and found to be 20 mW/cm?, the 
transistor will effectively see 0.236 x 20 = 4.72 mW/cm?. 

The specifications for the MRD phototransistor series include the cor- 
rection for effective irradiance. For example, the MRD450 is rated for a 
typical sensitivity of 0.8 mA/mW/cm?. This specification is made with a 
tungsten source operating at 2870°K and provides for an irradiance at the 
transistor of 5 mW/cm?. Note that this will result in a current flow of 4 mA 
(5 mA xX 0.8). However, from Fig. 4-17, the effective irradiance is: 0.255 x 5 
= 1.28 mW/cm?. 

By using this value of effective irradiance, and the typical sensitivity rating 
current flow of 4 mA, the monochromatic irradiance is: 4 mA/1.28 mW/cm? 
= 3.13 mA/mW/cm?. 

Now, as discussed previously, an irradiance of 20 mW/cm? produces an 
effective irradiance of 4.72 mW/cm?. (That is, an irradiance of 20 mW/cm? 
looks like a monochromatic irradiance of 4.72 mW/cm?.) Thus, the resultant 
current flow is: 3.13 x 4.72 = 14.0 mA. 

- An alternate approach is provided by Fig. 4-18 which shows the relative 
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Figure 4-17 Irradiance ratio versus color temperature for MRD photo- 
transistors (Courtesy Motorola) 
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Figure 4-18 Relative response of MRD phototransistors versus color 
temperature = 


response as a function of color temperature. As shown, the response is down 
to 83 per cent at a color temperature of 2600°K. The specified typical response 
for the MRD450 at 20 mW/cm? for a 2870°K tungsten source is 0.9 
mA/mW/cm?. The current flow at 2600°K and 20 mW/cm? is: 0.83 x 0.9 
x 20 = 14.9mA. 


Determination of color temperature. It is likely than an electronic circuit 
designer will not have the capability to measure color temperature. However, 
with a voltage measuring capability, a reasonable approximation of color 
temperature may be obtained. 

Figure 4-19 shows the classical variation of lamp current, candle power, 
and lifetime for a tungsten lamp as a function of applied voltage. Figure 4-20 
shows the variation of color temperature as a function of the ratio: 
MSCP/WATT; where MSCP is the mean spherical candle power at the lamp 
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Figure 4-19 Tungsten. lamp parameter variations versus variations 
about rated voltage (Courtesy Motorola) 
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Figure 4-20 Color temperature versus candle power/power ratio 
(MSCP/Watt ratio) (Courtesy Motorola) 


Operating point, and WATT is the lamp current-voltage produced at the 
operating point. 

As an example, assume that a type 47 indicator lamp is used as a source 
for a phototransistor. To extend the lifetime, the lamp is operated at 80 
per cent of rated voltage. A type 47 lamp is rated at 6.3 V, 150 mA and an 
MSCP of 0.52. 

From Fig. 4-19, using 80 per cent of rated voltage, the rated current is 
about 86 per cent. Thus, the operating point current is about 150 mA x 0,86 
= 129 mA. 

Again from Fig. 4-19, using 80 per cent of rated voltage, the rated candle 
power is about 50 per cent. Thus, the operating point candle power is about 
0.52 x 50 per cent = 0.26 candle power (MSCP = 0.26). 

. The rated voltage is 6.3 V. 80 per cent of rated voltage is 5.04 V. WATTs 
is found when the operating point current of 129 mA is multiplied by the 
operating point voltage of 5.05 V, or 0.65 W. 

To find the ratio of MSCP/WATT, substitute the values 0.26/0.65 for a 
ratio of 0.4. From Fig. 4-20, with a ratio of 0.4, the color temperature is 
approximately 2300°K. 


Geometric considerations. The candle power ratings on most lamps are 
obtained by measuring the total lamp output in an integrating sphere: and 
dividing by the unit solid angle. Thus, the rating is an average, or MSCP. 
However, a tungsten lamp cannot radiate uniformly in all directions, and the 
candle power varies with the lamp orientation. 

Figure 4-21 shows the radiation pattern for a typical frosted tungsten 
lamp. The maximum radiation occurs in the horizontal direction for a base- 
down or base-up lamp. The broken curve simulates the output of a uniform 
radiator, and contains the same area as the lamp polar plot. The curve indi- 
cates that the lamp horizontal output is about 1.33 times the rated MSCP, 
whereas the vertical output opposite the base is 0.48 times the rated MSCP. 
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Figure 4-21 Typical radiation pattern for frosted tungsten lamp 


The actual polar variation for a lamp will depend on a variety of physical 
features such as filament shape, size and orientation as well as the solid angle 
intercepted by the base with respect to the center of the filament. 

If the lamp output is given in horizontal candle power (HCP), a fairly 
accurate calculation can be made with regard to illuminance on a receiver. 

Another form of rating is beam candle power, which is provided for lamps 
with reflectors. In any lamp radiation measurement system, the rating may be 
given in lumens/steradians (lm/sr) or candle power. 


4-3.5. Solid-State Light Sources for Phototransistors 


In contrast with the broadband source of radiation provided 
by the tungsten lamp, solid-state sources provide relatively narrow band 
energy. The gallium arsenide (GaAs) light-emitting-diode (LED) has spectral 
characteristics which make it a favorable mate for use with silicon photo- 
transistors. LEDs are available for several wavelengths, as shown in Fig. 4-22. 

The GaAs diode and the MRD phototransistor series are particularly 
compatible. An efficiency ratio of effective irradiance/absolute irradiance 
(H,,/H) of about 0.9, or 90 per cent is possible when the GaAs diode and 
MRD phototransistor are used together. That is, an irradiance of 4 mA/cm? 
from an LED (of the GaAs type) will appear to the phototransistor as 
3.6 mW/cm?. This means that a typical GaAs LED is about 3.5 times as effec- 
tive as a tungsten lamp at 2870°K. Thus, the typical sensitivity for the 
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Figure 4-22 Spectral characteristics for GaAs, GaAsP, and SiC LEDs 
compared with MRD phototransistors (Courtesy Motorola) 


MRD450 (which has a rated sensitivity of 0.8 mA/mW/cm?) when used with 
a GaAs LED is approximately: 0.8 x 3.5 = 2.8 mA/mW/cm?. 


Using LEDs with a lens. An additional factor in using LEDs is the polar 
response. The presence of a lens in the LED package will confine the solid 
angle of radiation, as is the case with any light source. When a lens is used 
with an LED, it is possible to predict the resultant irradiance H using the fol- 
lowing equation 
4P 


sce 3.14 x (angle)? x d? 


W/cm? 


where: 


P is the total output power of the LED in watts 
(angle) is the solid angle in steradians 
d is the distance between the LED and the detector in centimeters. 


4-4, LOW-FREQUENCY AND STEADY-STATE 
DESIGN APPROACHES FOR PHOTOTRANSISTORS 


The model shown in Fig. 4-23 is usually adequate for most low- 
frequency and steady-state circuit designs involving phototransistors. Note 
that any capacitance is omitted from the model. This is generally accurate for 
low-frequency or direct-current applications. 
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Figure 4-23 Low-frequency 
Emitter and steady-state model for 


Ip = 4 Saceo floating-base phototransistor 


Also note that the frequency range for which the model of Fig. 4-23 is valid 
depends on /oad resistance. 

Figure 4-24 shows a plot of the 3 dB response frequency (in kilohertz) as 
a function of load resistance. Assume that a modulated light source is to drive 
the phototransistor at a maximum frequency of 10 kHz. If the resultant photo 
current is 100 wA, Fig. 4-24 shows a maximum load resistance of 8 kQ for a 
frequency of 10 kHz. This means that the model of Fig. 4-23 can be used for 
loads of 8 kQ, or less, if 100 wA is required at 10 kHz. If the load resistance is 
increased, and the frequency-current factors must remain the same, the 
model of Fig. 4-23 is not valid, The model of Fig. 4-3, or some similar model, 
must be used instead. Instead of concentrating on phototransistor models, let 
us apply the equations and design data to an actual low-frequency or steady- 
state problem. 
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Figure 4-24 3-dB frequency versus load resistance for MRD photo- 
transistors (Courtesy Motorola) 
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4-4.1. Light Operated Relay Using Phototransistor Control. 


Figure 4-25 shows a circuit in which the presence of light causes 
a relay to operate. When light is applied to Q,, transistor Q, conducts and 
operates relay K,. The relay used in this circuit draws about 5 mA when Q, 
is in saturation. The A,, (minimum) for the MPS3394 (Q,) is 55. A base cur- 
rent of 0.5 mA applied to Q, will therefore provide more than enough current 
to operate the relay when Q, saturates. In turn, phototransistor Q, will pro- 
vide the 0.5 mA base current, if sufficient light is applied. 

To find the required amount of light for Q,, divide the required Q, base 
current by the illumination sensitivity of QO, [which is 4 wA/fe (fe is the 
abbreviation for footcandles.)] This results in a required illumination of: 
0.5 mA/(4 x 10-3 mA/fc), or 125 fc. This light level can be supplied by a 
flashlight or any other equivalent light source. (About 200 fc can be expected 
from a flashlight with two D-cells.) 
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Figure 4-25 Light-operated relay using MRD phototransistors (Cour- 
tesy Motorola) 


4-5, HIGH-FREQUENCY DESIGN APPROACHES 
FOR PHOTOTRANSISTORS 


From a practical design standpoint, it is sufficient to consider 
a phototransistor as.a current source, with a first-order transient response. 
With the addition of switching characteristics to the phototransistor informa- 
tion already discussed, most high-frequency design problems can be solved 
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with a minimum of effort. Before going into some practical design examples, 
let us analyze the switching characteristics of typical phototransistors. 


4-5.1. Phototransistor Switching Characteristics 


When a phototransistor changes state from OFF to ON, a signifi- 
cant time delay is associated with the RC time constant of the base-emitter 
junction. As shown in Fig. 4-26, the capacitance of the base-emitter junction 
is large (over 60 pF for less than | V of forward bias). Since the device photo- 
current is g,,v,. (from Fig.-4-3), the load current can change state only as fast 
as v,, can change. 

Also, v,, can change only as fast as C,, can charge and discharge through 
the load resistance. Figure 4-27 shows the variations in rise and fall time with 
load resistance. This measurement was made using a GaAs light emitting 
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Figure 4-26 Base-emitter junction capacitance versus voltage for 
MRD300 phototransistor (Courtesy Motorola) 
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Figure 4-27 Switching time versus load resistance for MRD photo- 
transistor (Courtesy Motorola) 
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diode for the light source. The LED output power, and separation distance 
between the LED and the phototransistor, were adjusted mechanically for 
an ON phototransistor current of 1.5 mA. The rise time was also measured for 
a short-circuited load and found to be about 700 nS. 

The major difficulty found in high-frequency phototransistor applications 
is the load-dependent frequency response. Since the phototransistor is a current 
source, it is desirable to use a large load resistance to develop maximum 
output voltage. However, large load resistances limit the useful frequency 
range. This seems to present the designer with a tradeoff between voltage and 
speed. However, there is a technique available to eliminate the need for such a 
tradeoff. 

Figure 4-28 shows a circuit designed to get the optimum speed and output 
voltage. The common-base stage Q, offers a low-impedance load to the 
phototransistor, thus producing best response speed. Since Q, has near-unity 
current gain (typical for grounded-base), the load current in R, is approxi- 
mately equal to the phototransistor current. Thus, the impedance transforma- 
tion performed by Q, results in a relatively load-independent frequency 
response. 

The effect of Q, is shown in Figs. 4-29 and 4-30. Figure 4-29 shows the 
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Figure 4-29 3-dB frequency versus load resistance for MRD photo- 
transistors using common-base speed-up circuit (Courtesy Motorola) 
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Figure 4-30 Switching time versus load resistance for MRD300 photo- 
transistor using common-base speed-up circuit (Courtesy Motorola) 


3-dB frequency response as a function of load. Comparing Fig. 4-29 with 
Fig. 4-24, shows that the effect of Q, is quite pronounced. Comparing Fig. 
4-30 with Fig. 4-27 also demonstrates the effect of Q,. 


4-§.2. Using Phototransistors in Logic Circuits 


One of the most common uses for phototransistors is in logic 
circuits. It is possible to provide logic control of power devices with optical 
signals. The circuits of Figs. 4-31 through 4-34 are typical of those used to 
convert light signals into electrical signals. The truth tables for these circuits 
show outputs for positive logic. 

For the circuit shown in Fig. 4-31, an output of 1 is obtained at all times 
except when both Q, and Q, are exposed to bright light. Any light source 
with approximately 100 fc to Q, and Q, will drive Q, into saturation. Resistor 
R, provides a path for leakage currents so that Q, does not conduct until an 
adequate light level is presented to Q, and Q,. The positive output will pro-. 
vide almost 2 mA to a load. 

The circuit shown in Fig. 4-32 provides a positive output voltage at all 
times, except when Q, is on and Q, is off. For this case, the base drive to Q, 
is provided through R, and Q,. Normal room lighting will not turn Q, on, 
but about 100 fc from a flashlight shining on Q, will allow Q, to saturate. 
The maximum current from the Fig. 4-32 circuit to a load is 2 mA. 

The inverse of the circuits shown in Figs. 4-31 and 4-32 can be obtained 
by means of an additional inverting stage. An alternate procedure is to use the 
circuits of Figs. 4-33 and 4-34. If a current sink is required, use the addi- 
tional inverter stage. If a current source is required, use the circuits of F igs. 
4-33 and 4-34. - 
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The output of the Fig. 4-33 circuit is 0 at all times, except when both Q, 
and Q, are on. As in the previous circuits, about 100 fc of illumination on Q, 
and Q, is enough to saturate Q, (and permit Q, to supply about 10 mA to 
a load). The value of R, is high so that it draws very little current away from 
the load. A current of about 0.5 mA in R, is typical, and produces satisfactory 
results. Resistor R; provides a path for leakage currents so that O, does not 
conduct until QO, and Q, are illuminated. 
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The circuit of Fig. 4-34 provides a zero output for all conditions except 
when Q, is off and Q, is on. For this condition, base current is provided to 
Q, through Q, and R,. Here also, 100 fc is enough to allow Q, to saturate, 
and drive a 10-mA load. For the Fig. 4-34 circuit, the value of R, is also high 
so that R, does not rob current from the load. Q, must be turned on hard 
enough to shunt the base-emitter junction of Q, to keep Q, from coming on 
when Q, is on. The 100-fc illumination is sufficient for this purpose. 


4-§.3. Using LEDs with Phototransistor Logic Circuits 


It is quite common to use LEDs as the light source for photo- 
transistor logic circuits. Such an arrangement is particularly useful when it is 
desired to maintain high isolation between signal and power circuitry. Often, 
both the LED and phototransistor are housed in a common enclosure so that 
the light path is unobstructed (and that the path is shielded from other light 
sources). Commercially-available devices that use such an arrangement are 
called photocouplers or simply couplers. 

The main problem in designing a photocoupler is to find the correct spac- 
ing between the LED and the phototransistor. This can be done by rearrang- 
ing the equation of Sec. 4-3.5. The following is an example of how the equa- 
tion can be rearranged to find the correct distance between an LED and the 
phototransistors (MRD300) Q, and Q, of Fig. 4-31. 

Assume that the LED in question has an output power (P) of 1.5 mW 
(minimum) at an J, of 100 mA, a beam angle of 20° and a spectral response as 
shown in Fig. 4-22. As previously discussed, an LED of the type shown in 
Fig. 4-22 has an efficiency of about 90 per cent when used with MRD series 
phototransistors. Thus, the equivalent power output of the LED is: 1.5 mW 
x 0.9 = 1.35 mW, 

Also, as discussed in Sec. 4-4.1, the MPS3394 Q, will saturate with a base 
current of about 0.5 mA. Thus, the LED must provide sufficient light so that 
Q, and Q, will provide at least 0.5 mA photocurrent to Q,. 

From the MRD300 datasheet, Speco (collector-emitter radiation sensi- 
tivity) is found to be about 0.55 mA/mW/cm? minimum at H = 1.0 mW/cm?. 
That is, for an H of 1, the photocurrent output of Q, or Q, is about 0.55 mA, 
and Q, will saturate. 

To find the correct distance at which the LED will produce the required 
light, rearrange the equation of Sec. 4-3.5. as follows 


ise / 4P 
~ Hx 3.14 x (angle)? 


d is the distance in centimeters 

H is the required irradiance in milliwatt/centimeters 

P is the equivalent power output of the LED in milliwatts 
(angle) is the LED beam angle in degrees. 


where: 
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Note that the equation must be solved in terms of radians rather than 
degrees. One degree equals 0.01745 rad, and 20° = 0.349 rad. 
Using the established values in this equation, the distance is found to be 


4x 1.35 ae 
as eit x 3.14 xX 0.3453 ~ V 14 ~ 3.75 em 


Thus, if the LEDs are axially aligned with the MRD300s (O, and Q,) at 
a distance within 3.75 cm, saturation of Q, is assured. 


S AF AMPLIFIER 
DESIGN EXAMPLES 


Both two-junction transistors and FETs are used as AF 
amplifiers. UJTs are not generally found in AF amplifier work. One exception 
is the UJT regenerative amplifier discussed in Sec. 5-4. FETs are usually 
limited to voltage amplifier applications. Two-junction transistors can be 
used in either voltage amplifier or power amplifier circuits. Since the number 
of different amplifier circuits is almost unlimited, it is impossible to cover all 
aspects of AF amplifier circuit design in this chapter. Instead, we shall 
concentrate on a cross section of AF amplifier design examples. The author’s 
Handbook of Modern Solid-State Amplifiers (Prentice-Hall, Inc., Englewood 
Cliffs, N.J., 1974) provides a detailed discussion of many amplifier types. 

All basic design considerations for transistors apply to AF amplifiers. Of 
particular importance are: how to interpret datasheets, determining par- 
ameters at different frequencies, temperature-related design problems, and 
basic bias schemes. All of these subjects are discussed in the author’s Hand- 
book for Transistors (Prentice-Hall, Inc., Englewood Cliffs, N.J., 1976). 


5-1. THE EFFECT OF AMPLIFIER COMPONENTS 
ON FREQUENCY 


Amplifier components do not attenuate (or pass) signals of all 
frequencies equally. That is, every electronic component has some impedance 
and is thus frequency sensitive. Even a simple length of wire has some 
impedance. Wire, being a conductor, has some resistance. If alternating 
current is passed through the wire, there is some inductive reactance. If the 
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wire is near another conductor (or metal chassis), there is some capacitance 
between the two conductors, and thus some capacitive reactance. The 
reactance and resistance combine to produce impedance, which, in turn, 
varies with frequency. 

In theory, transistors are capable of operating at any frequency from 
direct-current on up. The top frequency limit is set only by the transit time of 
electrons across the transistor junctions. Primarily because of reactance, there 
are limitations placed on the operating frequency of any amplifier by the 
transistor characteristics. Also, other components in the amplifier (resistors, 
capacitors, inductances, etc.) limit the operating frequency of any circuit. In 
this section, we shall see how each of the components affects operating 
frequency of amplifier circuits from a design standpoint. — 

In practical design work, many of the impedances and reactances pre- 
sented by components are of little concern. In other cases, certain impedances 
and reactances have a very pronounced effect on amplifier design. In addition 
to transistors, other major components used in AF amplifier design include 
capacitors, resistors, and inductances (both coils and transformers). Let us see 
how the impedances and reactances of these components affect AF amplifier 
operation. 


Transistor frequency limitations. All transistors have some capacitance 
between the elements (emitter-base junction, collector-base junction, gate- 
drain, etc.). If any of the elements is common or ground, the remaining 
elements have some capacitance to ground. For example, in a common- 
source amplifier, there is some capacitance from gate to ground (across the 
input) and drain to ground (across the output). Likewise, there is capacitance 
from the drain to gate (which forms a feedback path from output to input). 
This is shown in Fig. 5-1. 

Capacitive reactance decreases with an increase in frequency, and vice 
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Figure 5-1 Capacitances asso- 
= ciated with transistor elements 
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versa. A capacitance in series with a conductor presents less attenuation to the 
signal as frequency increases. A capacitance across a conductor (for example, 
in parallel or shunt from the conductor to ground) acts as a short to signals of 
increasing frequency. Consider a common-source amplifier where FET 
capacitances are across the input and output. As frequency increases, the 
capacitive reactance drops, producing a short across the input and output, and 
increased attenuation of the signal. At some frequency, the attenuation equals 
the FET amplification, so there is no gain. At higher frequencies, the attenua- 
tion exceeds amplification, and there is a loss, even though the FET may still 
continue to operate. 

From a circuit design standpoint, the input and output capacitances of 
transistors have little effect at audio frequencies. Most modern transistors 
will operate well beyond the AF range, and will generally produce equal (or 
flat) frequency response. That is, all signals up to about 20 kHz (or possibly 
higher) are amplified by the same amount. However, with most transistors, 
as signal frequencies increase into the RF range, amplification begins to drop. 
(RF amplifier circuit design is discussed in Chapter 6.) 

All transistors have some inductance in their leads. This produces 
inductive reactance in series with the transistor elements. Inductive reactance 
increases with frequency. In the AF range, the inductive reactance is of little 
concern. However, at radio frequencies, the inductive reactance can produce 
considerable attenuation. 


Resistor frequency limitations. At audio frequencies, resistors offer rela- 
tively few problems, since resistors attemmate signals equally. Only at very 
high frequencies, where the resistor leads and body could produce some kind 
of reactance, is there any particular concern about frequency limits imposed 
by resistors. However, resistors do produce voltage drops. These voltage 
drops can be a problem when considering interstage coupling methods 
(described in Sec. 5-2). Also, resistors offer some problems when used in 
~ conjunction with coupling capacitors in amplifier circuits. 


Capacitance frequency limitations. Capacitors have three major uses in 
transistor AF amplifier circuits: bypass, decoupling, and coupling. 

Bypass capacitors are used to provide a signal path around high resis- 
tances. For example, if the power supply of an AF amplifier does not have a 
filter capacitor, or a battery is used, the collector-emitter current must pass 
through a high resistance. This can impede the a-c component of the signal. 
A bypass capacitor provides a signal path as shown in Fig. 5-2. 

When several stages of amplification are connected, they all join at one 
point, the common power supply. In multistage amplifiers there is the 
possibility of one stage feeding back through the power supply to a previous 
stage, thus causing interference with the signal. To avoid this feedback, one 
or more of these stages may be decoupled from the power supply. Figure 5-2 
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also shows a typical decoupling network. Resistor R is placed in series 
between the load resistors of the stages and the power supply. Hence, resistor 
R offers a high-resistance path from the a-c signal component to the power 
supply. Capacitor C, conversely, offers a low shunt reactance to this com- 
ponent, and thus decouples (bypasses) the component to ground. 

Actually, the functions of bypass and decoupling capacitors are the same, 
and the terms are interchangeable. In either case, the main concern is that the 
reactance be low at the lowest frequency involved. For example, assume that 
the lowest frequency is 100 Hz, and the minimum required reactance is 100 Q. 
This requires a reactance of about 16 wF (C = 1/(6.28F X,). If the required 
frequency is decreased to 10 Hz, the capacitance value must be raised to about 
160 uF to keep the reactance below 100 Q. 

Coupling capacitors are used at the input and output of each stage to block 
direct current. For example, if a coupling capacitor is not used between the 
transistor stages, the collector of the first stage is connected directly to the 
base of the following stage, and both elements are at the same bias voltage. 
While it is possible to operate transistors in this way, direct coupling does 
increase problems. For one thing, the amplifier cannot tell the difference 
between a change of signal level and a change in power supply voltage. 

The values of coupling capacitors are dependent upon the low-frequency 
limit at which the amplifier is to operate, and on the resistance with which the 
capacitors operate. As frequency increases, capacitive reactance decreases and 
coupling capacitors become (in effect) a short to the signal. Therefore, the 
high-frequency limit need not be considered in AF circuits. 

Figure 5-3 shows how a high-pass filter is formed by coupling capacitors. 
Capacitor C, forms a high-pass RC filter with R,. Capacitor C, forms another 
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Figure 5-3 Formation of high-pass (low-cut) AC filter by coupling 
Capacitors and related resistances 


high-pass filter with the input resistance of the following stage (or the load). 
The input voltage is applied across the capacitor and resistor in series. The 
output voltage is taken across the resistance. The relationship of input 
voltage to output voltage is 


Output voltage = input voltage x s 


where R is the d-c resistance value, and Z is the impedance obtained by the 
vector combination of series capacitive reactance and d-c resistance. 
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As a design guideline, when reactance drops to about one-half the resistance, 
the output will drop to about 90 per cent of the input (or approximately a 
1-dB loss). Using the 1-dB loss as the low-frequency cutoff point, the value of 
C, or C, can be found by 

Capacitance = — 
where capacitance is in farads, F is the low-frequency limit in hertz, and R is 
resistance in ohms. 

If a 3-dB loss can be tolerated at the low-frequency cutoff point, the value 
of C, or C, can be found by 

: 1 
Capacitance = 62FR 

Inductance frequency limits. Both coils and transformers are used in audio 
amplifiers. As discussed in Sec. 5-2, coils are sometimes used in place of the 
collector resistor as a load. This permits the collector to.be operated at the full 
voltage. Likewise, transformers are used for coupling between stages. This 
provides impedance matching, as discussed in Sec. 5-2. 

The inductive reactance of coils and transformers increases with fre- 
quency. At the high end of the audio range, the attenuation produced by this 
increased reactance is usually sufficient to impair operation of the amplifier. 
At the low end of the AF range, the reactance of a typical transformer drops 
to a few ohms. This low impedance acts as a short across the line and attenu- 
ates the signal. Thus, coils and transformers tend to attenuate signals at both 
the high end and low end of the AF range. 


Stray impedances. As discussed, any conductor (wiring, terminals, etc.) 
can have resistance, reactance, and impedance. Thus, care must be used in the 
routing of wires and placement of terminals to minimize the effects of this 
stray impedance. Likewise, the effects of stray impedance can alter the 
characteristics of components. A classic example of this is stray capacitance, 
which is added to the input and output capacitances of transistors. The 
effects of stray impedances are usually not critical at audio frequencies. 
However, the effects of stray impedance on amplifiers operating at radio 
frequencies (Chapter 6) can be of considerable importance. 


5-2. AMPLIFIER COUPLING CIRCUIT DESIGN 


The design of coupling networks must be considered in any 
amplifier circuit. Even a single-stage audio amplifier must be coupled to the 
input and output devices. If the circuit is multistage, there must be interstage 
coupling. Amplifier circuits are often classified according to coupling design. 
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For example, the four basic coupling design techniques are: capacitor (or 
capacitance), inductive, direct, and transformer. 

The term resistance-coupled could be applied to any of the four coupling 
design techniques. Howeyer, the term resistance-coupled is generally used to 
indicate that the circuit does not have inductances or transformers between 
stages, and that the input and/or output impedance is formed by a resistance. 
Capacitor coupling is often called resistance-capacitance (or RC) coupling. 

In this section, we shall see how the different design techniques affect 
operation of solid-state AF amplifiers. Figure 5-4 shows the four coupling 
methods. 

(1) With direct coupling, Fig. 5-4(a), the collector of one transistor is 
connected directly to the base of the following transistor. The outstanding 
characteristic of a direct-coupled amplifier is the ability to amplify direct 
current and low-frequency signals. 

(2) With capacitor coupling, or RC coupling, Fig. 5-4(b), the coupling is 


(c) (d) 


Figure 5-4 Four basic types of coupling used in audio amplifiers 
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accomplished by means of the load resistor R,,, of stage 1, the base resistor 
R;, of stage 2, and the coupling capacitor C,. The original signal is acted 
upon by stage 1 and appears in amplified form as the voltage drop across R;,. 
The d-c component of the amplified signal is blocked by C, which passes the 
a-c component to the input section of stage 2 for further amplification. If 
necessary, more stages may be coupled to the output of stage 2 for still further 
amplification. 

The main advantage of capacitor or RC coupling is that the amplifier will 
amplify uniformly over nearly the entire audio range, since resistor values are 
independent of frequency changes. However, as dicussed in Sec. 5-1, RC 
coupling amplifiers do have a low-frequency limit imposed by reactance of the 
capacitor (which increases as frequency decreases). Reactance-capacitance 
coupling is also small, light, inexpensive, and produces no magnetic field to 
interfere with the signal. One disadvantage of the RC coupling method is that 
the supply voltage is dropped (usually to one-half) by the load resistance. 
Thus, the collectors must operate at reduced voltages. 

(3) With inductive or impedance coupling, Fig. 5-4(c), the load resistors 
R,, and R,, are replaced by inductors L, and L,. The advantage of impedance 
coupling over resistance coupling is that the ohmic resistance of the load 
inductor is less than that of the load resistor. Thus, for a power supply of a 
given voltage, there is a higher collector voltage. 

Impedance coupling also suffers from some disadvantages. Impedance 
coupling is larger, heavier, and more costly than resistance coupling. To 
prevent the magnetic field of the inductor from affecting the signal, the 
inductor turns are wound on a closed, iron core and usually shielded exten- 
sively. The main disadvantage of impedance coupling is frequency discrimi- 
nation. 

With impedance coupling at very low frequencies, the gain is low due to 
the capacitive reactance of the coupling capacitor, just as in the RC-coupled 
amplifier. The gain increases with frequency, leveling off at the middle 
frequencies of the audio range. (However, the frequency spread of this level 
portion is not as great as for the RC amplifier.) 


With impedance coupling at very high frequencies, the gain drops because 


of the increased reactance. Impedance coupling is rarely, if ever, used at 
frequencies above the audio range. 

(4) With transformer coupling, Fig. 5-4(d), the transformer 7, serves 
several purposes. As the fluctuating collector current of the first stage flows 
through the primary winding of 7,, the current induces an alternating voltage 
with similar waveform in the secondary of T,. This voltage forms the input 
signal to the second stage. Since the secondary of 7; conveys the a-c com- 
ponent of the signal directly to the base of the second stage, there is no need 
for a coupling capacitor. Also, since the secondary winding furnishes a base 
return path, there is no need for a base resistance. 


Sec. 5-2 Amplifier Coupling Circuit Design 115 


Compared to the RC-coupled amplifier, the transformer-coupled amplifier 
has essentially the same advantages and disadvantages as the impedance- 
coupled amplifier. The transistor collectors can be operated at higher voltages. 
The impedances are set by the transformer primary and secondary windings. 
Transformers are frequency sensitive (impedance changes with frequency). 
Therefore, the frequency range of the transformer-coupled amplifiers is 
limited. 

The inductances and transformers used in AF work are generally of the 
iron-core type. If air-core transformers are used at audio frequencies, the 
inductive reactance (and the impedance) will be so small as to be ineffective. 
At frequencies above the audio range (or at the high end), the reactance of 
iron-core inductances and transformers is so large that signals cannot pass 
(or are greatly attenuated). Thus, air-core transformers and inductances are 
used for higher-frequency amplifiers, as discussed in Chapter 6. 

Coupling transformers also provide for impedance matching between 
stages. Because the transistor is a current-operated device, impedance 
matching between the output of one stage to the input of the next is desirable 

_for maximum transfer of power. This can be accomplished by making the 
primary and secondary transformer winding of different impedances. 

Typically, the input impedance of a transistor stage is less than the output 
impedances. Thus, the secondary impedance of an interstage transformer is 
typically lower than the primary impedance. When two common-emitter 
stages are impedance matched, the overall gain is greater than when identical 
stages are resistance coupled. 

Transformer coupling is also effective when the final amplifier output must 
be fed to a low-impedance load. For example, the impedance of a typical 
loudspeaker is in the order of 4 to 16 Q, whereas the output impedance of a 
transistor stage is several hundred (or thousand) ohms. A transformer at the 
output of an audio amplifier can offset the obviously undesired effects of such 

-a mismatch. 


§-2.1.. Effects of Coupling on Audio-Amplifier 
Frequency Response 


A simplified frequency-response graph or curve is illustrated in 
Fig. 5-5, which shows the effects of coupling methods on amplifier frequency 
response. The response is measured by the gain of the amplifier at various 
frequencies in the audio range. 

Note that the gain falls off at the very low frequencies. In an RC-coupled 
amplifier, this drop in gain (generally referred to as rolloff’) at the low end is 
due to the capacitive reactance of the coupling capacitor. Since the coupling 
capacitor is between the output of the first stage and the input to the second 
stage, the signal is attenuated by the voltage drop across the capacitor. Hence, 
the lower the frequency, the larger the capacitive reactance, and the smaller 
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Figure 5-5 Simplified frequency-response graph 


the signal input is to the second stage. In impedance-coupled or transformer- 
coupled amplifiers, the low-frequency rolloff is caused by the very low 
inductive reactance, which acts as a short across the signal path. In effect, the 
low reactance bypasses some of the signal to ground. 

As shown in Fig. 5-5, the gain also falls off at the higher frequencies. In 
RC-coupled amplifiers, this high-frequency rolloff is due to the output 
capacitance of the first stage, the input capacitance of the second stage, and 
the stray capacitance furnished by the coupling network. These capacitances 
act to bypass some of the signal to ground. The higher the frequency, the 
smaller the capacitive reactance becomes, and the greater the amount of 
signal so bypassed. Hence, the overall gain falls. At frequencies between 
these two extremes, the gain remains fairly constant. In impedance-coupled 
or transformer-coupled amplifiers, the high-frequency rolloff is due to the 
large inductive reactance that attenuates the signal. 

In sum, then, resistance coupling produces the lowest gain, transformer 
coupling the highest. As a guideline, three stages of RC-coupled amplification 
will produce approximately the same gain as two stages of comparable 
transformer-coupled amplification. RC-coupling produces the least fre- 
quency distortion of the signal. Transformer coupling has the added advan- 
tage of providing an impedance match at the amplifier input and output. 


5-3. AMPLIFIER DESIGN CLASSIFICATIONS 


There are many classification methods for amplifier design. 
One of the most common is to classify amplifiers by operating point. That is, 
the particular design is classified by the amount of current flowing in the 
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amplifier transistors under no-signal conditions. The following is a brief 
summary of the four basic operating-point classifications. 

In all four classifications, the base-collector (or gate-drain) junction is 
always reverse-biased at the operating point, as well as under all signal 
conditions. Thus, no base-collector current flows (with the possible exception 
of reverse leakage current J-,,). The base-emitter (or gate-source) junction is 
biased such that base-emitter will flow under certain conditions, and possibly 
under all conditions. When base-emitter current flows, emitter-collector 
current also flows. 


5-3.17. Class A Amplifier 


In the class A amplifier, the base-emitter bias and the input 
voltages are such that the transistor operates only over the /inear portion of the 
characteristic curve. Such a curve, representing the relationship between base 
voltage (input) and collector current (output), is shown in Fig. 5-6. At no 
point of the input signal cycle does the base become so positive or negative as 
to cause the transistor to operate at the nonlinear portion of the curve. The 
transistor collector current is never cut off, nor does the transistor ever reach 
saturation. 
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Figure 5-6 Typical class A amplifier characteristic curves 
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The main advantage of the class A amplifier is the relative lack of distor- 
tion. The output waveform follows that of the input waveform, except in 
amplified form. However, with any class of amplifier there is some distortion. 

The disadvantages of class A amplifiers are their relative inefficiency (low 
power output for a high power input dissipated by the transistor), and their 
inability to handle large signal voltage swings. Rarely is a class A amplifier 
over about 35 per cent efficient. Thus, if the power input to a class A amplifier 
is 1 W (generally, the maximum power dissipation capability of a single 
transistor), the output will be less than 0.3 W. 

The peak-to-peak output signal voltage swing of a class A amplifier is 
limited to something less than the total supply voltage. Since the output 
voltage must swing both positive and negative, the peak-output is less than 
one-half the supply voltage. For example, assume that the supply voltage is 
20 V and the amplifier is biased so that the Q-point collector voltage is one- 
half the supply, or 10 V. (Such a Q point is generally typical for a class A 
amplifier.) Under these conditions, the output voltage swing cannot exceed 
+10 V. If distortion must be kept to a minimum, the output will usually be on 
the order of --5 V, so as to keep the transistor on the linear portion of the 
characteristic curve. (In most cases, the curve becomes nonlinear near the 
cutoff and saturation points) However, this can be determined only from an 
actual test of the amplifier circuit. 

The input voltage swing of a class A amplifier is limited by the output 
voltage swing capability and the voltage amplification factor. For example, 
if the output is limited to +10 V, and the voltage amplification factor is 100, 
the input is limited to +0.1 V (100 mV). 

Because. of these limitations, class A amplifiers are generally used as 
voltage amplifiers, rather than power amplifiers. Typically, a class A amplifier — 
stage is used ahead of a power amplifier stage. 


§-3.2. Class B Amplifier 


If the base-emitter bias is changed so that the operating point 
coincides with the transistor cutoff point, we obtain class B amplification. For 
an NPN transistor this means making the base more negative than for class A 
operation. (For PNP transistors, class B is obtained by making the base more 
positive than for class A.) Either way, the base-emitter reverse bias is 
increased (or forward bias is decreased) for class B operation. 

As shown in Fig. 5-7, when the input signal voltage is zero, there is no flow 
of collector current. During the positive half-cycle of the signal voltage (Fig. 
5-7 is for an NPN transistor), the collector current rises to its peak and then 
falls back to zero in step with the variations of that half-cycle. During the 
negative half-cycle of the signal-voltage, there is no collector current since the 
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Figure 5-7 Typical class B amplifier characteristic curves 


base-emitter reverse bias is at all times greater than the cutoff voltage of the 
transistor. Hence, collector current flows only during half the input signal 
cycle. 

If a single transistor is operated as class B, there will be considerable 
distortion. This is because the waveform of the resulting collector current 
resembles that of the positive half-cycle of the input signal and, consequently, 
does not resemble the complete waveform of the input. It is possible to use 
two transistors, one for each half-cycle of the input signal, and by combining 
the outputs of these transistors in push-pull, to reconstruct an output whose 
waveform resembles the full waveform of the input. 

~ The peak output voltage swing of a class B amplifier is slightly less than 
the supply voltage. Since the output appears only on half-cycles, it is possible 
to operate class B amplifiers at a higher current (or power) rating than class 
A, all other factors being equal. For example, if a transistor is capable of 
0.3-W dissipation (without damage) as class A, the same transistor can be 
operated at 0.6 W, class B, since the transistor is conducting collector current 
only half the time. (This is a theoretical example. In practice, there are factors 
which limit class B power dissipation to something less than twice that of 
class A.) 

The peak output of a class B amplifier is equivalent to the peak-to-peak 
output of a class A amplifier. Thus, if two transistors are connected in 
push-pull and operated as class B, the output voltage can be twice that of 
class A. 

Because of these voltage and power factors, class B amplifiers are generally 
used as power amplifiers, rather than voltage amplifiers. Typically, two push- 
pull transistors are operated in class B, preceded by a single class A amplifier 
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stage. The class A stage provides voltage amplification, whereas the class B 
stage produces the necessary power amplification. 


§-3.3. Class AB Amplifier 


Class B is the most efficient operating mode for audio ampli- 
fiers, since it draws the least amount of current. That is, the transformers are 
cut off at the QO point and draw collector current only in the presence of an 
input signal. Class B operation can, however, result in a form of distortion 
known as crossover distortion. The effects of crossover distortion can be seen 
by comparing the input and output waveforms on Fig. 5-8. 


Collector 
current 


Crossover 
distortion 


Base 
voltage 


Figure 5-8 Example of cross- 
over distortion 


In true class B operation, the transistor remains cut off at very low- 
signal inputs (because transistors have very low current gain at cutoff) and 
turns on abruptly with a large signal. For example, a silicon transistor does 
not have appreciable collector current flow until the base-emitter junction is 
forward-biased by about 0.5 V. Assuming that the input signal starts at 0 V, 
there will be little or no collector current flow (and thus no change in the. 
output voltage) during the time that the input signal is going from 0 to 0.5 V. 
When the input reaches 0.5 V, the collector current increases rapidly and 
follows the input signal in a linear fashion. 

Crossover distortion can be minimized by operating the stage as class AB 
(or somewhere between B and AB). That is, the transistors are forward-biased 
just enough for a small amount of collector current to flow at the QO point. For 
a typical silicon transistor, the forward bias is just below 0.5 V for class AB. 
Thus, some collector current is flowing at the lowest signal levels, and there is 
no abrupt change in current gain. Class AB is less efficient than class B 
because more current must be used. Generally, class AB is only used in 
push-pull circuits. . 
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5-3.4. Class C Amplifier 


If the transistor is reverse-biased considerably below the cutoff 
point, we obtain a class C amplifier. As shown in Fig. 5-9, during the positive 
half-cycle of the input signal, the signal voltage starts from zero, rises to the 
positive peak value, and falls back to zero. (Fig. 5-9 is for an NPN transistor.) 
A portion of the input signal causes the base-emitter junction to be forward- 
biased. As a result, there is a flow of collector current for a portion of one-half 
the input cycle. The negative half-cycle of the input signal lies well below the 
cutoff point of the transistor. Collector current flows only during that 
portion of the positive half-cycle of the input signal between the cutoff point 
and the peak. The resulting collector current is a pulse, the duration of which 
is considerably less than a half-cycle of the input signal. 

Obviously, the waveform of the output signal cannot resemble that of the 
input signal. Nor can this resemblance be restored by the push-pull method 
mentioned in the discussion of class B and AB amplifiers. For this reason, 
class C is limited to those applications where distortion is of no concern. 
Generally, class C operation is limited to use in RF amplifiers (Chapter 6), 
and is not found in AF amplifiers. 
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Figure 5-9 Typical class C amplifier characteristic curve 


5-4. UJT REGENERATIVE AMPLIFIER 


The basic UST relaxation oscillator described in Chapter 8 can 
be adapted to form a regenerative pulse amplifier. Such an amplifier is shown 
in Fig. 5-10. Note that the circuit is essentially the basic relaxation oscillator 
with two resistors added. Resistor R, provides a load for a trigger input or a 
pulse output. Resistor R, forms a voltage divider with resistor R;. The 
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Figure 5-10 Basic UJT regenerative amplifier (Courtesy General 
Electric) 


voltage at the junction of R, and R, is set so that the UJT will not fire except 
in the presence of a trigger. That is, R,; and R, have a ratio such that the 
emitter voltage does not exceed the peak-point (firing) voltage for the off- 
State. 

As shown in Fig. 5-10, inputs can be applied to any of three points (Base 
1, Base 2, or emitter). Likewise, outputs can be taken from any of these 
points. In operation, a trigger pulse is applied to one of the inputs, and a 
corresponding trigger output (in greatly amplified form) is taken from another 
of the points. For example, a trigger of 0.1 V can be applied to the emitter, 
with a 7-V output taken from Base 1. 


5-4.1. Design Considerations 


The values of R,, R, and C, are selected on the same basis as 
discussed for the UJT relaxation oscillator in Chapter 8. The time constant 
for R, and C, should be approximately the same as the period of the trigger. 
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The value of R,; is found in the same way essentially as for the basic 
oscillator, but with a minor difference. The maximum value of R, need not 
be of great concern in the regenerative amplifier. The UJT is held in the orr 
condition until a trigger is applied by the voltage drop across R, (or by the 
voltage division at the junction of R, and R,). Thus, no calculating need be 
made for Re max). The minimum value for R, is found in the same way as for 
the basic oscillator. That is, the minimum R, that can be used with the 
regenerative amplifier is set by 

R;> nah 


Vv 


= Rein) 


In order to assure turn-off after the trigger pulse is removed, however, the 
value of R, should be two to three times larger than Reyin)- 

The value of R, is selected to match the load impedance of the input 
trigger source, or the output, depending upon application. 

The value of R, is set by the desired bias voltage. The ratio of R, and R, 
sets the fixed bias that must be overcome by the input trigger. V,;,, is set at 
V> (peak voltage of the UJT), less one-half the input trigger. 


5-5. BASIC TWO-JUNCTION TRANSISTOR 
AMPLIFIER STAGE 


Figure 5-11 is the working schematic of a basic, single-stage 
audio amplifier using a two-junction transistor. Input and output coupling 
capacitors C, and C, are added to prevent d-c flow to and from external 
circuits. A bypass capacitor C, is shown connected across the emitter 
resistor R,. Capacitor C, is required only under certain conditions, as dis- 
cussed in later paragraphs. 

Input to the amplifier is applied between base and ground across Rg. 
Output is taken across the collector and ground. The input signal adds to, or 
subtracts from, the bias across R,. Variations in bias voltage cause corre- 
sponding variations in base current, collector current, and the drop across 
collector resistor R,. Therefore, the collector voltage (or circuit output) 
follows the input signal waveform, except that the output is inverted in phase. 
(If the input swings positive, the output swings negative, and vice versa.) 

Variations in collector current also cause variations in emitter current. 
This results in a change of voltage drop across the emitter resistor R, and a 
change in the base-emitter bias relationship. The change in bias that results 
from the voltage drop across R, tends to cancel the initial bias change 
caused by the input signal, and serves as a form of negative feedback to 
increase stability (and limit gain). This form of emitter feedback (current 
feedback) is known as stage feedback or local feedback, since only one stage is 
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Figure 5-11 Basic single-stage audio amplifier using a two-junction 
transistor 


involved. As discussed in later sections, overall feedback or loop feedback is 
sometimes used where several stages are involved. 


§-5.1. Circuit Analysis 


The outstanding characteristic of the circuit in Fig. 5-11 is that 
circuit characteristics (gain, stability, impedance) are determined (primarily) 
by circuit values, rather than transistor characteristics (f). The circuit is 
shown with an NPN transistor. The power supply polarity must be reversed 
if a PNP transistor is used. 

The maximum peak-to-peak output voltage is set by the source voltage. For 
class A operation, the collector is operated at approximately one-half the 
source voltage. This permits the maximum positive and negative swing of 
output voltage. Generally, the absolute maximum peak-to-peak output can 
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be between 90 and 95 per cent of the supply. For example, if the supply is 
20 V, the collector will operate at 10 V (Q point), and swing from about | to 
19 'V. However, there is less distortion if the output is one-half to one-third 
of the source. In any circuit, the maximum collector voltage rating of the 
transistor cannot be exceeded. 

The input and/or output impedances are set by the values of R, and R,, as 
shown by the equations of Fig. 5-11. Maximum power transfer occurs when 
R, and R, match the impedances of the previous stage and following stage, 
respectively. 


Stability versus gain trade off. As shown by the equations, maximum 
voltage gain occurs when R, is made larger in relation to R,. Likewise, 
current gain increases when R, is made larger in relation to R,;. However, 
circuit stability is greatest when R, and R, are made smaller in relation to R,. 
That is, the circuit gain will remain more constant in the presence of tem- 
perature, supply voltage, or input signal changes when R, is made larger in 
relation to R, and R,. Thus, there is a tradeoff between gain and stability. 

In a practical amplifier, the circuit of Fig. 5-11 should be limited to a 
maximum current gain of 10 and a maximum voltage gain of 20. Higher 
gains are possible, but the stability is generally poor. Of course, even though 
gain is set by circuit values, the minimum a-c f of the transistor must be 
higher than the desired gain. For example, if the circuit values are chosen for 
a gain of 20, the minimum f must be 20 across the entire frequency range. 

The Q point is affected by the values of all four resistors in Fig. 5-11. 
However, the value of R, is the final determining factor for QO point. That is, 
in a practical amplifier, the remaining resistor values are selected for the 
desired gain, impedance, and stability of the circuit; then the value of R, is 
selected (or adjusted) to give a desired operating point. 

The values of C, and C, are dependent upon the low-frequency limit at 
which the amplifier is to operate. C, forms a high-pass (or low-cut) RC filter 
with R,. (Refer to Sec. 5-1.) Capacitor C, forms another filter with the 
input resistance of the following stage (or the load). 

For a given resistance value, a lower frequency requires a larger capacitor 
value. Of course, if the resistance can be made larger (with the same desired 
frequency), the capacitor value can be reduced. Since two-junction transistors 
are low-impedance, current-operated devices, the coupling capacitors in two- 
junction amplifiers are generally large, that is, in relation to those of FET (and 
vacuum tube) amplifiers. 


§-5.2. Emitter Bypass for Transistor Amplifier Stages 


Figure 5-11 shows (in phantom) a bypass capacitor C, across 
emitter resistor R;. This arrangement permits R, to be removed from the 
circuit as far as the signal is concerned, but leaves R, in the circuit (in 
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regards to direct current). With R, removed from the signal path, the voltage 
gain is approximately R, divided by the dynamic resistance of the transistor, 
and the current gain is approximately equal to a-c of the transistor. Thus, 
the use of an emitter-bypass capacitor permits the highly temperature stable 
d-c circuit to remain intact while providing a high signal gain. 

An emitter-bypass capacitor also creates some problems. Transistor input 
impedance changes with frequency and from transistor to transistor, as does 
B. Thus, current and voltage gains can only be approximated. When the 
emitter resistance is bypassed, the circuit input impedance is approximately 
B times transistor input impedance, making circuit input impedance subject 
to variation and unpredictable. 

The emitter bypass is generally used where maximum gain must be 
obtained from a single stage of amplification, and a stable gain is of little 
concern. The value of the emitter-bypass capacitor should be such that the 
reactance is less than the transistor input impedance at the lowest frequency of 
operation. This will effectively short the emitter (signal path) around R,. 

The value of C, can be found by 


. 1 
Capacitance — 63FR 


where capacitance is in farads; F is the low-frequency limit in hertz; and R is 
the maximum input impedance of the transistor in ohms. 


5-5.3. Basic Audio Amplifier with Partially Bypassed Emitter 


Figure 5-12 shows a basic single-stage two-junction transistor 
used as an audio amplifier with a partially bypassed emitter resistor. This 
circuit is a compromise between the basic amplifier without bypass and the 
fully bypassed emitter. The d-c characteristics of both the unbypassed and 
partially bypassed circuits are essentially the same. The circuit values (except 
C; and R-,) are calculated in the same way for both circuits. However, the 
voltage and current gains for a partially bypassed amplifier are greater than 
for an unbypassed circuit, but less than for the fully bypassed circuit. 

The value of Ro is chosen on the basis of voltage gain, even though 
current gain will be increased when voltage gain increases. Ro should be 
substantially smaller than R,. Otherwise, there will be no advantage to the 
partially bypassed circuit. However, a smaller value for RC will require a 
larger value for C;, since the C; value is dependent upon the R, value and the 
desired low-frequency cutoff point. 

With the circuit of Fig. 5-12, current gain and voltage gain are dependent 
upon the ratios of R,/R; and R,/R,, respectively. Thus, the value of R, has 
little or no effect on circuit gain. 
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5-6. BASIC FET AMPLIFIER STAGE 


Figure 5-13 shows a basic single-stage FET amplifier. Input and 
output coupling capacitors C, and C, are added to prevent d-c flow to and 
from external circuits. Bypass capacitor C,, connected across Rg, is required 
only under certain conditions. Also note that the circuit of Fig. 5-13 is the 
FET version of the Fig. 5-11 circuit. Thus, many of the circuit characteristics 
are similar. 

One major difference is that voltage gain in the FET circuit (Fig. 5-13) is 
set by factors of R,, Rs and y,,. Another difference is that the values of cou- 
pling capacitors for FET circuits are much smaller than for two-junction tran- 
sistors. This is because FETs are high-impedance, voltage-operated devices. 


Sufficient feedback. The design of an FET amplifier stage can be checked 
by noting if there is sufficient feedback. Such a condition occurs when the 
calculated gain is at least 75 per cent of the R,/R, ratio; if so, there is suffi- 
cient feedback to be of practical value. As an example, assume that R, is 
30 kQ, Ry is 3 kQ, and y;, is 7000 wmhos. The ratio of R,/R, is 10, with the 
gain slightly over 9. 


30 ka igs 
1/7000 zmho + 3kQ | 


gain = 
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Figure 5-13 Basic common-source FET amplifier stage 


Since 75 per cent of 10 is 7.5, the gain of 9 is greater, and there is sufficient 
feedback. Under these conditions the design should be stable. 


5-6.1. Source Bypass for FET Amplifier Stage 


Figure 5-13 shows (in phantom) a bypass capacitor C, across 
source resistor Rs. This arrangement permits R, to be removed from the . 
circuit as far as signal is concerned, but leaves R, in the circuit (in regards to 
direct current). With R, removed from the signal path, the voltage gain is 
approximately equal to y,, x R,. Thus, the use of a bypass capacitor permits 
a temperature-stable d-c circuit to remain intact, while providing a high 
signal gain. 7 


5-6.2. Other Single-Stage FET Amplifiers 


Figures 5-14 through 5-18 show the circuit diagrams and 
design equations for some typical FET amplifier configurations. The fol- 
lowing notes apply to these circuits. 
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The value of R, in Fig. 5-14 is chosen on the basis of desired voltage gain. 
R- should be substantially smaller than R,;. Otherwise, there will be no 
advantage to the partially bypassed design. As shown by the equations, 
voltage gain is approximately equal to R,/R,. This holds true unless both y,, 
and R, are very low (where 1/y,, is about equal to R,). In that case, a more 
accurate gain approximation is R,/(1/y;,) + Re. 
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Figure 5-16 Basic common-gate FET amplifier stage 
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Figure 5-17 Basic FET amplifier without fixed bias 


Chap. 5 
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The circuit of Fig. 5-15 is used primarily where high-input impedance and 
low-output impedance (with no phase inversion) are required, but no gain is 
needed. The source follower is the FET equivalent of the two-junction 
transistor emitter follower and the vacuum tube cathode follower. 

The circuit of Fig. 5-16 is used primarily where low-input impedance and 
high-output impedance (with no phase inversion) are required. Gain is 
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Figure 5-18 Basic FET amplifier with zero bias 


determined (primarily) by circuit values, rather than FET characteristics. The 
common-gate amplifier is the FET equivalent of the two-junction common- 
base amplifier, and the vacuum tube common-grid amplifier. 

The circuit of Fig. 5-17 has no fixed bias. The major difference in this 
circuit, and the FET amplifiers with fixed bias is that the amount of J, at the 
Q point is set entirely by the value of R,;. It may not be possible to achieve a 
desired J, with a practical value of R,. Thus, it may not be possible to operate 
at the zero-temperature-coefficient point. If this is of less importance than 
minimizing the number of circuit components (elimination of one resistor), 
the circuit of Fig. 5-17 can be used in place of the fixed-bias FET amplifier. 

The circuit of Fig. 5-18 is also without fixed bias and stabilizing feedback. 
Any FET will have some value of J, at zero Vs. If the FET has character- 
istics similar to those of Fig. 5-18, the Z, will vary between about 1.75 and 
4 mA, depending upon temperature, and from FET to FET. Therefore, with a 
zero-bias circuit it is impossible to set the Q-point J, at any particular value. 
Likewise, drain voltage Q point is subject to considerable variation. Since 
there is no source resistor, there is no negative feedback. Thus, there is no 
means to control this variation in J,. For these reasons, the zero-bias circuit 
is used where circuit stability is of no particular concern. 


5-7. MULTISTAGE TRANSISTOR AMPLIFIERS 


When stable voltage gains greater than about 20 are required, 
and is not practical to bypass the emitter (or source) resistor of a single stage, 
two or more transistor amplifier stages can be used in cascade (where the 
output of one transistor is fed to the input ofa second transistor). In theory, 
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any number of two-junction or FET amplifiers can be connected in cascade to 
increase voltage gain. In practice, the number of stages is usually limited to 
three. The overall gain of the amplifier is equal (approximately) to the 
cumulative gain of each stage, multiplied by the gain of the adjacent stage. 

As an example, if each stage of a three-stage amplifier has a gain of 10, the 
overall gain is (approximately) 1000 (10 x 10 x 10). Since it is possible to 
design a very stable single stage with a gain of 10, and adequately stable 
stages with a gains of 15 to 20, a three-stage amplifier could provide gains in 
the 1000 to 8000 range. Generally, this is more than enough voltage gain for 
most practical applications. Using the 8000 figure, a 1-~V input signal (say 
from a low-voltage transducer or delicate electronic device) can be raised to 
the 8-mV range, while maintaining stability in the presence of temperature 
and power supply variations. 


§-7.1. Basic Considerations for Multistage Amplifiers 


Any of the single-stage amplifiers described in previous sections 
of this chapter can be connected to form a two-stage or three-stage voltage 
amplifier. For example, the basic stage (without emitter or source bypass) can 
be connected to two like stages in cascade. The result is a highly temperature- 
stable voltage amplifier. Since each stage has its own feedback, the gain is 
precisely controlled and very stable. 

It is also possible to mix stages to achieve some given design goal. For 
example, a three-stage amplifier can be designed using a highly stable, 
unbypassed amplifier for the first stage, and two bypassed amplifiers for the 
remaining stages. Assuming a gain of 10 for the unbypassed stage, and gains 
of 30 for the bypassed stages, this results in an overall gain of 9000. Of course, 
with the bypassed stages the gain is dependent upon the transistor character- 
istics (dynamic impedance, hy,, yy,, etc.), and is therefore unpredictable. 
However, once the gain is established for a given amplifier, the gain should 
remain fairly stable. 

Since design of a multistage, capacitor-coupled voltage amplifier is 
essentially the same as for individual stages, no specific circuit example is 
given. In practical terms, each stage is analyzed and designed as described in 
previous sections of this chapter. However, a few precautions must be 
considered. 


Distortion and clipping. As in the case with any high-gain amplifier, the 
possibility of overdriving a multistage transistor amplifier is always present. 
If the maximum input signal is known, check this value against the overall 
gain and the maximum allowable output signal swing. 

As an example, assume an overall gain of 1000 and a supply voltage of 
20 V. Typically, this implies a 10-V Q point (for the output collector or drain) 
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and a 20-V (peak-to-peak) output swing (from 0 to 20 V). In practice, a swing 
from about 0 to 19 V is more realistic. Either way, a 20-mV (peak-to-peak) 
input signal, multiplied by a gain of 1000, will drive the final output to its 
limits, and possibly into distortion or clipping. 


_ Feedback. When each stage of a multistage amplifier has its own feedback 
(local or stage feedback), the most precise control of gain is obtained. How- 
ever, such feedback is often unnecessary. Instead, overall feedback (or loop 
feedback) can be used, where a part of the output from one stage is fed back 
to the input of a previous stage. Usually, such feedback is through a resistance 
(to set the amount of the feedback), and the feedback is from the final stage to 
the first stage. However, it is possible to use feedback from one stage to the 

next (second stage to first stage, third stage to second stage, etc.). 


Feedback phase inversion. There is a problem of phase inversion when 
using loop or overall feedback. In a common-emitter or common-source 
amplifier, the phase is inverted from input to output. If feedback is between 
two stages, the phase is inverted twice, resulting in positive feedback. This 

“usually produces oscillation. In any event, positive feedback will not stabilize 
gain. The phase inversion problem can be overcome, when stages are involved, 
by connecting the output collector (or drain) or the second stage back to the 
emitter (or source) of the first stage. This will produce the desired negative 
feedback. 

As an example, if the base (or gate) of the first stage is swinging positive, 
the collector (or drain) of that stage will swing negative, as will the base (or 
gate) of the second stage. The collector (or drain) of the second stage will 
swing positive, and this positive swing can be fed back to the emitter (or 
source) of the first stage. A positive input at the emitter (or source) has the 
same effect as a negative at the base (or gate). Thus, negative feedback is 
obtained. 


Low-frequency cutoff. Unless direct coupling is used, as described in Sec. 
5-8, coupling capacitors must be used between stages, as well as at the input 
and output. Such capacitors form a low-pass RC filter with the base-to- 
ground (or gate-to-ground) resistance. Thus, each stage has its own low-pass 
filter. In multistage amplifiers, the effects of these filters are cumulative. 

As an example, if each filter causes a 1-dB drop at some given cutoff 
frequency, and there are three filters (one at the input and two between 
stages), the result is a 3-dB drop at that frequency in the final output. If this 
cannot be tolerated, the RC relationship must be redesigned. In practical 
terms, this means increasing the value of C, since a change in R will usually 
produce some undesired shift in operating point or other circuit characteristic 
(such as input-output impedance). 
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5-8. DIRECT-COUPLED TRANSISTOR AMPLIFIERS 


The amplifiers discussed thus far cannot amplify direct currents 
(or direct voltages) since such currents will not be passed by coupling capaci- 
tors or transformers. Also, amplifiers using transformers and/or coupling 
capacitors are not well suited for amplification of very low frequencies. 

For reasons discussed in Sec. 5-2, direct-coupled amplifiers are used if 
direct currents and/or very low-frequency signals must be amplified. Direct- 
coupled amplifiers, also known as DC amplifiers, permit a signal to be fed 
directly to the transistor without the use of any coupling device. Direct- 
coupled amplifiers may be single stage or multistage. However, direct 
coupling is generally limited to three stages. 


5-8.1. Practical Direct-Coupled Two-Junction 
Transistor Amplifier 


Figure 5-19 is the working schematic of a two-stage direct- 


coupled complementary amplifier. That is, the output of an NPN is fed into a 
PNP transistor to increase stabilization. The increased stabilization for the 
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Z,, = Rg ~ 510 R, > SR, Rg < 20R, 
Zour * A, = 510 R, = 10Re 
Q, Moain = Re ~ 10 Rg ~ 10R¢ 
Aa 
Q, Vosin Reo a= A0 


Q, Veottector © 0.5 x supply (as adjusted by R,) 


Figure 5-19 Basic direct-coupled complementary amplifier circuit 
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complementary direct-coupled amplifier arises from the fact that a change in 
collector current of Q, (due to temperature, power supply variation, etc.) is 
opposed by an equal change in collector current of Q, (but in the opposite 
direction). If more stages are to be added, the complementary system is 
continued. That is, NPN and PNP amplifiers are used alternately. 
~ Two- and three-stage amplifiers, similar to that shown in Fig. 5-19, are 
available commercially as hybrid circuits. Such circuits are complete (or 
nearly complete) packages similar to integrated circuits. It is generally easier 
to design with hybrid circuits rather than with individual components, since 
impedance relationships, Q point, and so forth, have been calculated by the 
circuit manufacturer. Also, the datasheets supplied with the hybrid circuits 
provide information regarding source voltage, gain, impedances, and the like. 
The datasheet information can be followed to adapt the hybrid circuit for 
a specific application. However, in some cases, it is necessary to select values 
of components external to the hybrid circuit package. For this reason, and 
since it may be necessary to design a multistage direct-coupled amplifier 
(with individual components) for some special application, the following 
design considerations and examples are provided. 


Design considerations. The circuit elements for transistor Q, in Fig. 5-19 
are essentially the same as for the circuit of Fig. 5-11 (the basic single-stage 
two-junction transistor amplifier). Also note that the same circuit arrange- 
ment is used for transistor Q,, except that R, and R, are omitted (as is the 

coupling capacitor between stages). 

The design considerations for the circuit of Fig. 5-19 are essentially the 
same as for the circuit of Fig. 5-11, except for the following: 

’ The range of input voltage which may be applied to a direct-coupled 
transistor is small. The forward bias must not be increased to the point where 
the transistor operates in its saturated region, nor can the bias be reduced so 

. that the transistor is cut off. 

The input impedance of the complete circuit is approximately equal to Rg. 
The output impedance is set by R;,>. 

The value of C, is dependent upon the low-frequency limit and the value 
of R,. For example, if the low-frequency limit is 30 Hz, an approximate 
value of 20 wF is required for C, to produce 1 dB (at 30 Hz, with R, at 
510 Q). The value of C, is dependent upon the low-frequency limit and the 
value of input resistance of the following stage (or the load). Capacitors C, 
and C, can generally be eliminated, except in those cases where an a-c signal 
is mixed with direct current. 

When two stages are direct coupled in the stabilized circuit of Fig. 5-19, 
the overall voltage gain is about 70 per cent (possibly higher) of the combined 
gains of each stage. The gain of each stage is approximately 10, as set by the 
10 to 1 ratio of collector emitter resistances. The combined gain of the circuit 
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is theoretically 100, and practically about 70. Thus, an input of 100 mV is 
increased to about 7 V at the output. 

The signal at the base of Q, is approximately 10 times the signal at the 
base of Q,. Thus, there is an approximate 1-V signal at the base of Q,. This 
signal can be a varying direct current or an a-c sinewave, or even a pulse. In 
any event, the base of Q, must be biased to accommodate the 1-V signal. 

The collector of Q, should be approximately 10 V at the Q point. This 
will allow for the full 7-V output swing. With the collector of Q, at 10 V, 
there is an approximate 20-mA current through R,, and R,z,. This produces 
an approximate 1-V drop across Rz,. Assuming that the transistors are silicon, 
the base of Q, should be about 0.5 V from the emitter. Since Q, is PNP, the 
base should be more negative (or less positive) than the emitter. The emitter 
of Q, is at about +19 V (+20-V supply, minus the 1-V drop across Rz,). 
Thus, the base of Q, should be +18.5 V. This also sets the collector voltage 
for QO, at the Q point. A Q-point collector voltage of 18.5 V will allow for the 
full 1-V signal swing. 

The Q-point voltage of Q, is set by the collector current (approximately 
3 mA). In turn, the collector current is set by the bias network R, and R, in 
the usual manner. In practice, the resistance values are approximated, and 
then R, is adjusted to give the desired Q point. The final adjustment of R, is 
made for distortion-free 7-V signal at the collector of Q, (witha 100-mV input 
signal applied to Q,). 

Since gain of the amplifier is set by circuit values, little concern need be 
given to transistor 8. Of course, the £ of each transistor must be greater than 
ten at all frequencies that the circuit must amplify. Note that the circuit of 
Fig. 5-19 is highly stable, and has a very wide band frequency response 
(typically from direct current on up to whatever maximum is set by the 
transistor high-frequency limitations). 


§-8.2. Darlington Compounds 


Figure 5-20 shows the basic Darlington circuit (known as the: 
Darlington compound), together with two other versions of the circuit. As 
shown, the Darlington compound is an emitter follower (or common collector) 
driving a second emitter follower. Going back to the basic amplifier theory, 
an emitter follower provides no voltage gain, but can provide considerable 
power gain. . 

The main reason for using a Darlington compound (especially in audio 
work) is to produce high-current (and power) gain. For example, Darlington 
compounds are often used as audio drivers to raise the power of a signal from 
a voltage amplifier to a level suitable to drive a final power amplifier. Dar- 
lingtons are also used as a substitute for a driver section (or to eliminate the 
need for a separate driver). 
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Figure 5-20 Basic and practical Darlington compounds 
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Emitter-follower Darlington. When the Darlington is used as a common 
collector, as shown in Fig. 5-20, the output impedance is approximately equal 
to the load resistance R,. The input impedance is approximately equal to 
f? x R,. The current gain is approximately equal to the average £ of the two 
transistors, squared. However, in most common collectors (emitter followers), 
power gain is of primary concern. That is, the designer is interested in how 


much the signal power can be increased across a given output load. 
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As an example, assume that the value of R, (in Fig. 5-20(c)) is 1 kQ and 
that the average f is on the order of 15. This results in an input impedance of 
about 225 kQ (15? x 1000), and an output impedance of 1 kQ. Now assume 
that a 2.5-V signal is applied at the input, and an output of 2 V appears across 
R,. This input power is 2.5?/225kQ ~ 0.028 mW. The output power is 
22/1 kQ ~ 4mW. The power gain is 4/0.028 =~ 140. 


Common-emitter Darlington. Darlington compounds can be used as 
common-emitter amplifiers to provide voltage gain. This can be accomplished 
by simply adding a collector resistor to any of the circuits in Fig. 5-20, and 
taking the output from the collector rather than the emitter. In effect, Q, 
then becomes a common collector driving Q,, which appears as a common- 
emitter amplifier. The entire circuit then appears as a common-emitter 
amplifier and can be used to replace a single transistor. Such an arrangement 
is often used when high voltage gain is desired. 

A more practical method of using a Darlington as a common-emitter 
amplifier is to eliminate R, and R, (of Fig. 5-20(c)), ground the emitter of Q,, 
and transfer R, to the collector of Q,. Such an arrangement is shown in Fig. 
5-21. The circuit of Fig. 5-21 is stabilized by the collector feedback through 
R,, which holds both collectors at a potential somewhat less than 0.5 V from 
the base of Q,. Note that both collectors are at the same voltage, and that this 
voltage is approximately equal to two base-emitter voltage drops (or about 
1.5 V for two silicon transistors). 

With the circuit of Fig. 5-21, the current gain is approximately equal to 
the ratio of R,/R,. Both the input and output voltage swings are somewhat 
limited in the Fig. 5-21 circuit. The input is biased at approximately 1 to 
1.5 V. However, voltage gains of 100 (or more) are possible, since input - 


Out 


Figure 5-21 Darlington com- 
pound with collector feedback 
and common-emitter-output 
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impedance (or resistance) is approximately equal to the ratio of R,/current 
gain, or equal to R,. (With input and output impedances approximately equal 
to R,, the voltage gain follows the current gain.) 


Multistage Darlingtons: Darlington compounds need not be limited to two 
' transistors. Three (and even four) transistors can be used in the Darlington 
_ circuit. A classic example of this is the General Electric circuit of Fig. 5-22 
(which is available in hybrid form, in a TO-5 style package). This circuit is 
- essentially a common-collector and common-emitter Darlington, followed by 
’ a common-emitter amplifier. 
. With R, out of the circuit, both the input and output impedances are set 
by &,. (In practice, the input impedance is slightly higher than R,, typically 
on the order of 700 to 800 Q). With R, removed, the voltage gain is about 
1000. When R; is used, the input impedance is approximately equal to R,, and 
the voltage gain is reduced accordingly. For example, if R, is 10 kQ, the 1000 
voltage gain drops to about 50. 


—20V 


Figure 5-22 General Electric CC-CE-CE multistage Darlington com- 
pound 


5-8.3. Practical Direct-Coupled FET Amplifier 


Both MOSFETs and JFETs can be used in direct-coupled 
amplifiers. However, MOSFETs are especially well suited to direct-coupled 
applications. Since the gate of a MOSFET acts essentially as a capacitor, 
rather than a diode junction, no coupling capacitor is needed between 
stages. For a-c signals, this means that there are no low-frequency cutoff 
problems, in theory. In practical design, the input capacitance can form an 
RC filter with the source resistance, and result in some low-frequency 
attenuation. 
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Figure 5-23 All MOSFET three-stage amplifier 


Figure 5-23 is the working schematic of an all-MOSFET three-stage 
amplifier. Note that all three MOSFETs are of the same type, and all three 
drain resistors (R,, R, and R,) are the same value. This arrangement sim- 
plifies design. At first glance it may appear that all three stages are operating 
at zero bias. However, when J, flows, there is some drop across the corre- 
sponding drain resistor, producing a voltage at the drain of the stage, and an 
identical voltage at the gate of the next stage. The gate of the first stage is at 
essentially the same voltage as the drain of the last stage, because of feedback 
resistor R,. There is no current drain through R,, with the possible exception 
of reverse gate current (which can be ignored for practical purposes). 


Operating point. To find a suitable operating point for the amplifier, it is 


necessary to trade off between desired output voltage swing, MOSFET 


characteristics, and supply voltage. For example, assume that an output 
swing of 7-V peak-to-peak is desired, the supply voltage is 24 V, and that the 
Ip is about 0.55 mA when V5 is 7 V. A suitable operating point would be 7 V 
to accommodate the 7-V output swing without distortion. The swing would be 
from 3.5 to 10.5, about the 7-V point.) This requires an 18-V drop from the 
24-V supply. With 0.55-mA J, and an 18-V drop, the values of R,, R, and 
R, should be about 33 kQ. 


Gain. The overall voltage gain is dependent upon the relationship of the 
gain without feedback and the feedback resistance R,. Gain without feedback 
is determined by y,, and the value of R,, R,, and R,. For example, assume a 
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y;, of 1000 wmhos (0.001 mho); the gain of each stage is 33 (33 x 0.001 = 
33). With each stage at a gain of 33, the overall gain (without feedback) is 
about 36 kQ. 

To find the value of R,, divide the gain without feedback by the desired 
gain. Multiply the product by 100; then multiply the resultant product by the 
value of R,. For example, assume a desired gain of 3000 (the gain without 
feedback is 36,000): 36,000/3000 = 12; 12 x 100 = 1200, 1200 x 33,000 = 
39.6 MQ (use the nearest standard to 40 MQ). 


Input impedance. The input impedance is dependent upon the relation- 
ship of gain and feedback resistance. The approximate impedance is R,/gain. 

Since gain is dependent upon y,,, input impedance is subject to variation 
from FET to FET, and with temperature. 


Direct-current amplification. The circuit of Fig. 5-23 requires one coupling 
capacitor at the input. This is necessary to isolate the input gate from any 
direct-current voltage that may appear at the input. This makes the circuit 
of Fig. 5-23 unsuitable for use as a d-c amplifier. The circuit can be converted 

_to a d-c amplifier when the coupling capacitor is replaced by a series resistor 
Ryy, aS Shown in Fig. 5-24. 

The considerations concerning operating point are the same for both 
circuits. However, the series resistance must be terminated at a d-c level 
equivalent to the operating point. For example, if the operating point is —7 V, 
point A must be at —7 V. If point A is at some other d-c level, the operating 

' point is shifted. 


Supply 


Figure 5-24 All MOSFET three-stage direct-coupled amplifier 
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The relationships of input impedance, R,, and gain still hold. However, 
input impedance is approximately equal to Ryy. Therefore, gain is approxi- 
mately equal to the ratio of R,/R,y. This makes it possible to control gain by 
setting the R,/R,, ratio. Of course, the gain cannot exceed the gain-without- 
feedback (open-loop) factor, no matter what the ratio of Rp/Ryy (closed- 
loop). As a general rule, the greater the ratio of open-loop gain to closed-loop 
gain, the greater the circuit stability. 

As an example, assume that the open-loop gain is 36,000, and the desired 
gain is 6000. This requires a ratio of 6 to 1. 

As another example, assume that the desired gain is 5000, R, is 40 MQ, 
and the open-loop gain is 36,000. 5000 is considerably less than 36,000, so the 
circuit is well capable of producing the desired gain with feedback. To find 
the value of Ry 
40 x 10° 


sSaor © 8 X 10° (8 ka) 


Rw = 

Amplification from grounded sources. The circuit of-Fig. 5-24 requires that 
the signal source be at a d-c level equal to the operating point. In many cases, 
it is necessary to amplify d-c signals at the zero or ground level. This can be 
accomplished by using a depletion-mode JFET at the input, as shown in Fig. 
5-25. 

Feedback is introduced by connecting the sources of both QO, and Q, toa 
common-source resistor R,. The source of Q, is not provided with a source 
resistor, but there is some bias on Q, produced by the J, drop across R;. The 
input impedance of the Fig. 5-25 circuit is set by the value of R, and the 
gate-drain capacitance of Q,. 


Figure 5-25 Direct-coupled amplifier with JFET input, followed by 
two MOSFET stages 
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Gain can be sacrificed for stability by increasing the value of R,. With the 
values shown and typical FETs, the gain should be on the order of 3000 to 
5000. This bias and operating point for Q, and Q, is set by R3, shown as 
33 kQ. In practice, the value of R; is approximated by calculation, and then 
adjusted for a desired operating point at the output (drain) of Q;. 


5-8.4. Combination FET and Two-Junction Amplifiers 


In certain applications, FET stages and two-junction transistor 

stages can be combined. The classic example is where a single FET stage is 
used at the input, followed by two two-junction amplifier stages. Such an 
arrangement takes advantage of both the FET and two-junction transistor 
characteristics. 
_ An FET is a voltage-operated device permitting large voltage swings with 
low currents. This makes it possible to use high-resistance values (resulting in 
high impedances) at the input and between stages. In turn, these high- 
resistance values permit the use of low-value coupling capacitors and elimi- 
nate the need for bulky, expensive electrolytic capacitors. If operated at the 
0-TC point, the FET is highly temperature stable, tending to make the overall 
amplifier equally stable. However, FETs have the characteristic of operating 
-at low currents, and are therefore considered as low-power devices. 

Two-junction transistors are essentially current-operated devices, per- 
mitting large currents at about the same voltage levels asthe FET. Thus, with 
“equal supply voltage and signal current swings, the two-junction transistor 
can supply much more current gain (and power gain) than the FET. Since 
currents are high, the impedances (input, interstage, and output) must be low 
in two-junction transistor amplifiers. This requires large-value coupling 
capacitors if low frequencies are involved. The low impedances also place a 
considerable load on devices feeding the amplifier, particularly if the devices 
are high impedance. On the other hand, a low-output impedance is often a 
desirable characteristic for an amplifier. 

When a FET is used as the input stage, the amplifier input impedance is 
high. This places a small load on the signal source, and allows the use of a 
low-value input coupling capacitor (if required). If the FET is operated at the 
0-TC point, the amplifier input is temperature stable. (Generally, the input 
stage is the most critical in regards to temperature stability.) When two- 
junction transistors are used as the output stages, the output impedance is 
low, and current gain (as well as power gain) is high. 

Combination amplifiers can be direct-coupled or capacitor-coupled, 
depending on requirements. The direct-coupled configuration offers the best 
low-frequency response, permits d-c amplification, and is generally simpler 
(uses less components). The capacitor-coupled combination amplifier 
permits a more stable design, and eliminates the voltage regulation problem 
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(that is, a d-c amplifier cannot distinguish between signal level changes and 
power supply changes). 

The FET can be combined with any of the classic two-stage two-junction 
transistor amplifier combinations. The two most common combinations are 
the Darlington pair (for no voltage gain, but high-current gain and low- 
output impedance), and the NPN-PNP complementary pair amplifier (for 
both current gain and voltage gain). 


FET input, two-junction transistor output amplifier. Figure 5-26 is the 
working schematic of a direct-coupled amplifier using an FET input stage and 
a two-junction transistor pair as the output. Note that local feedback is used 
in the FET stage (provided by R,), as well as overall feedback (provided 
by R,). 

Input impedance is set by the value of R,, as usual. Output impedance is 
set by the combination of R, and Ry. Since R, is quite small in comparison to 
R,, the output impedance is essentially equal to R,. 

The gain of the FET stage is set by the ratio of R, to Rs, plus the I/y,, 
factor. Since Ry is quite small, the FET gain is set primarily by the ratio of 
R, to 1/y,,. The gain of the two-junction transistor pair is set by the £ of the 
two transistors and the feedback. Thus, the gain can only be estimated. 

The drop across R, is the normal base-emitter drop of a transistor (about 
0.5 to 0.7 V for silicon, and 0.2 to 0.3 V for germanium). The drop across R; 
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Input Output 


Input impedance ~ Ry 
Output impedance ~ AR, 
: R, Ry, 
Q, gain * Rs ae i 
Yrs 
Q,-Q, gain ~ beta Re ¥ 352 
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Figure 5-26 Direct-coupled hybrid amplifier 
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is twice this value (about 1 to 1.5 V for silicon, and 0.4 to 0.6 V for ger- 
manium). 

For a typical silicon transistor, the base of Q, and the drain of Q, operate 
at about 1 V removed from the supply. In a practical experimental circuit, 
‘R, must be adjusted to give the correct bias for Q, (and operating point for 
Q;). The same is true for R,. Asa first trial value, R, should be about twice 
the value of R,. 

Design starts with selection of J, for the FET. If maximum temperature 
stability is desired, use the 0-TC level of Ip. This usually requires a fixed bias. 
If temperature stability is not critical, the FET can be operated at zero bias by 
omitting R,. There is some voltage developed across Rs. However, since Rg is 
small, the Vgs is essentially zero, and the J, is set by the 0-V,, characteristics 
of the FET. 

With the value of J, set, select a value of R, that produces approximately 
a l- to 1.5-V drop to bias Q,. 

The input impedance is set by R,, with the output impedance set by R,. 
The value of R, is approximately twice that of R,. The value of R, is less than 
10 Q, typically on the order of 3 to 5 Q. 

As a brief design example, assume that the circuit of Fig. 5-26 is to provide 
an input impedance of 1 MQ, an output impedance of 500 Q, and maximum 
gain. Temperature stability is not critical. 

Under these conditions, the values of R, and R, are set at 1 MQ and 
500 Q, respectively. For practical purposes, with the voltage drop across R, 
ignored, Q, operates at Vz, = 0. Assume that J, is 0.2 mA under these 
conditions. With the required drop of 1.5 V, and 0.2-mA Jp, the value of R, 
is approximately 7.5 kQ. Since R, is 500 Q, R; should be 1 kQ (as indicated 
by the equations). 

The key component in setting up this circuit is R,. With the circuit operat- 
ing in experimental form, adjust R, for the desired Q-point voltage at the 
output (collectors of Q, and Q,). 


Nonblocking direct-coupled amplifier. Generally, a direct-coupled ampli- 
fier does not require any coupling capacitors. One exception is a coupling 
capacitor at the input to isolate the amplifier from direct current (when the 
signal is composed of direct current and alternating current). When a coupling 
capacitor is used at the gate of a JFET (or at the base of some two-junction 
transistors) a condition known as blocking could occur. 

Blocking is produced by the fact that the gate junction of a JFET is 
similar to that of a diode (as is the base junction of a two-junction transistor). 
The “diode” acts to rectify the incoming signal. If a capacitor is connected in 
series with the “diode”, large signals can charge the capacitor. On one 
half-cycle, the diode is forward-biased and charges rapidly. On the opposite 
half-cycle, the diode is reverse-biased and discharges slowly. If the signal and 
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charge are large enough, the amplifier can be biased at or beyond cutoff, 
until the capacitor discharges. Thus, the amplifier can be blocked to incoming 
signals for a period of time. 

One method for eliminating the blocking condition is to use a MOSFET 
at the input. Since the gate of a MOSFET acts essentially as a capacitor 
(rather than a diode junction), there is no rectification of the signal and no 
blocking. 


5-9. MULTISTAGE TWO-JUNCTION TRANSISTOR 
AMPLIFIER WITH TRANSFORMER COUPLING 


hc 


Audio amplifier stages can be coupled by means of trans- 
formers. Iron-core transformers are used in the AF range, particularly when 
power amplification is required. 

As with any coupling method, transformers impose certain problems and 
have certain advantages. These factors can be traded_off to meet a specific 
design need. 


Inductive reactance. One major problem with transformers is the inductive 
reactance created by the transformer windings. Inductive reactance increases 
with frequency; at frequencies beyond about 20 kHz, the inductive reactance 
of iron-core transformers becomes so high that signals cannot pass, or are 
greatly attenuated. For this reason, iron-core transformers are not used at 
higher frequencies. At low frequencies, the reactance drops to near zero, even 
with iron cores. Since transformers are placed across (or in shunt with) the 
amplifier circuits, the transformer winding acts as a short at low frequencies. 
If an amplifier must operate at very low frequencies (below about 20 Hz), 
transformers are not used. 


Size and weight. For a transformer to handle any large amounts of power 
or current, the winding wire must be large. Also, the iron core must be large. 
Both of these add up to bulk weight. Except in certain cases, the added weight 
of transformers defeats the purpose of compact, lightweight, transistorized 
equipment. 


Short-circuit burnout. Another problem with transformers is the danger 
of a short-circuit output, resulting in excessive, simultaneous voltage and 
current in the transistor collector. There is very little voltage drop across a 
transformer winding in a transistor collector circuit (compared with the drop 
across the load in an RC or direct-coupled amplifier.) If a short circuit in the 
output (say due to a short across the load) causes heavy current flow, the 
transistor can be damaged. The destructive condition is known as secondary 
breakdown or second breakdown. Secondary breakdown can be prevented (or 
minimized) by limiting the collector current-voltage product. 
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Another overload problem is presented when the load is a loudspeaker. 
High-fidelity loudspeaker systems can appear capacitive or inductive, as well 
as resistive. The current and voltage appearing in the amplifier will thus be 
out-of-phase when the load appears reactive. A 60° phase shift is not uncom- 
mon. At a 60° phase shift, half the supply voltage and all of the load current 
can appear simultaneously at the output transistor, or the full source voltage 
-and one-half the load current can appear, depending on whether the load is 
capacitive or inductive. 

As a guideline, there will be no secondary breakdown if the output 
transistor can dissipate twice the power output of the amplifier (for single- 
ended transformer amplifiers). If the amplifier is push pull, each output 
transistor must be capable of dissipating the full power output, if secondary 
breakdown is to be avoided. 


Impedance matching. One of the major advantages to transformer 
coupling is the impedance-matching capability. The output impedance of a 
typical RC amplifier is on the order of several hundred (or thousand) ohms 
(generally set by the output collector resistor value). In audio systems 
(particularly for voice and music reproduction) this large output impedance 
must be matched to 4-, 8-, and 16-Q loudspeaker systems. The severe mis- 
match results in power loss. With a transformer, the primary winding can 
be designed (or selected) to match the transistor circuit output impedance 
with the transformer secondary matching the loudspeaker (or other load) 
impedance. 


Low supply voltage. Another major advantage of transformer coupling is 
caused by the low-voltage drop across the transformer winding. Because of 
this low-voltage drop, it is possible to operate a transformer-coupled amplifier 
with a much lower supply voltage than with an RC amplifier. As a guideline, 
the transformer-coupled amplifier can be operated at one-half the supply 
voltage required for a comparable RC amplifier. 


Typical uses. Transformers are often used in the audio-amplifier sections 
of transistorized radio receivers and portable hifi systems. In these applica- 
tions, very little power is required, so the transformers can be made compact 
and lightweight. Since there is no loss in impedance match and low voltage is 
required, the transformer-coupled circuits are ideal for battery operation. 
Transformers are also used in high-power, hifi-stereo systems and television 
audio sections where the added weight is of little consequence. 


5.9.1. Circuit Analysis 


Figure 5-27 is the working schematic for a classic transformer- 
coupled audio amplifier. The circuit has a class A input or driver stage and a 
class B push-pull output stage. The class A stage provides both voltage and 
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Class A Class B Stpaty 
Single-ended Push-pull 
driver power amplifier 


Alternate driver with RC input 


Figure 5-27 Transformer-coupled audio amplifier 


power amplification as needed to raise the low-input signal to a level suitable 
for the class B power output stage. 

The class A stage can be transformer-coupled or RC-coupled at the input, 
as needed. Transformer coupling is used at the input where a specific 
impedance-match problem must be considered in design. The class A input 
stage can be driven directly by the signal source, or can be used with a 
preamplifier for very low-level signals. When required, a high-gain voltage 
amplifier (such as described in other sections of this chapter) is used as a 
preamplifier. : 

The push-pull output stage may be operated as a class B amplifier. That is, 
the transistors are cut off at the Q point and draw collector current only in 
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the presence of an input signal. Class B is the most efficient operating mode 
for audio amplifiers, since it draws the least amount of:current (and no current 
where there is no signal). However, true class B operation can result in 
crossover distortion. 

The effects of crossover distortion can be seen by comparing the input and 
output waveforms on Fig. 5-28. In true class B operation, the transistor 
remains cutoff at very low-signal inputs (because transistors have low-current 
gain at cutoff) and turns on abruptly with a large signal. As shown on Fig. 
5-28(a), there is no conduction when the base-emitter voltage V,, is below 
about 0.65 V (for a silicon transistor). During the instantaneous pause when 
one transistor stops conducting and the other starts conducting, the output 
waveform is distorted. 


0.65 V 


Crossover 
distortion 


Output 
class B 
(a) 
Output 
0.65 V sat 
Composite Class AB 


curve 


Figure 5-28 Effects of. cross- 
over distortion, and how it is 
eliminated by forward bias of 
the base-emitter junction (b) 
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Distortion of the signal is not the only bad effect of this crossover condi- 
tion. The instantaneous cutoff of collector current can set up large voltage 
transients equal to several times the size of the supply voltage. This can cause 
the transistor to break down. 

Crossover distortion can be minimized by operating the output stage as 
class AB (or somewhere between B and AB). That is, the transistors are 
forward-biased just enough for a small amount of collector current to flow 
at the Q point. Some collector current is flowing at the lowest signal levels, 
and there is no abrupt change in current gain. The effects of this are shown in 
Fig. 5-28(b). The combined collector currents result in a composite curve that 
is essentially linear at the crossover point. This produces an output that is a 
faithful reproduction of the input, at least as far as the crossover point is 
concerned. Of course, class AB is less efficient than class B, since more 
current must be used. 

Some designers use an alternative method to minimize crossover distor- 
tion. This technique involves putting diodes in series with the collector or 
emitter leads of the push-pull transistors. Because the-voltage must reach a 
certain value (typically 0.65 V for silicon diodes) before the diode will 
conduct, the collector current curve is rounded (not sharp) at the crossover 
point. 


Amplifier efficiency. The efficiency of an amplifier is determined by the 
ratio of collector input-to-output power. An amplifier with 70 per cent 
efficiency will produce 7-W output for a 10-W input (with power input being 
considered as collector source voltage multiplied by total collector current). 

Typically, class B amplifiers can be considered as 70 to 80 per cent 
efficient. Class A amplifiers are typically in the 35 to 40 per cent efficiency 
range, with class AB amplifier showing 50 to 60 per cent efficiency. 

In all cases, any amplifier circuit that produces an increase in collector 
current at the Q point will produce correspondingly lower efficiency. This 
results in a tradeoff between efficiency and distortion. 

The efficiency produced by a class of operation also affects the heat-sink 
requirements. Any design that produces more collector current at the Q point 
requires a greater heat-sink capability. As a guideline, a class A amplifier 
requires double the heat-sink capability of a class B, all other factors being 
equal. 


Distortion of class B versus class AB. In practical terms, push-pull 


amplifiers are usually designed for true class B.operation (transistors at or- 


near cutoff at the Q point), and then are tested (in experimental form) for 
distortion. If the distortion is severe, the base-emitter forward bias is increased 
so that some current flows at the Q point. Then the amplifier is tested again 
for distortion. The amount of forward bias is adjusted until the desired 
distortion is reached, or until there is a compromise between distortion and 
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power output. This approach is usually more realistic than trying to design 
an amplifier for a given class of operation. 


Output power. The true output power of an audio amplifier can be 
determined by measuring the voltage across the load, and then solving the 
equation 


2 
Power output = == vollager 
load impedance 


The output of a transformer-coupled amplifier is also related to the 
collector current (produced by the signal) and the primary impedance of the 
transformer. In a push-pull amplifier, the relationship is 


current? x primary impedance 


Power output = 


In the single-ended amplifier, the relationship is 


4 P ‘ 
Power output — current? x penary impedance 


These relationships provide a basis for design of transformer-coupled 
transistor amplifiers. 


Transformer characteristics. Audio transformers are listed by primary 
impedance, secondary impedance, and power-output capability. From a 
practical standpoint, it is not always possible to find an off-the-shelf: trans- 
former with exact primary-secondary relationships at a given power rating. 
Most manufacturers will produce transformers with exact impedance 
relationships on a special-order basis. However, this is usually not practical, 
except for special applications. Instead, the transformer is generally selected 
for exact secondary impedance and the nearest value of primary impedance 
within the given power rating. 

The following rules can be applied to selection of the transformers shown 
in Fig. 5-27. ; 


Push-pull output transformer 7,. The rated power capability of trans- 
former 7; should be about 1.1 times the desired power. The secondary 
impedance should match the load impedance (loudspeaker or other) into 
which the amplifier must operate. The primary impedance should be deter- 
mined by maximum collector current passing through the primary windings 
and the total collector voltage swing. The relationship is 


A(supply voltage — min voltage) 


Primary impedance = 
t y P max current 
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Minimum voltage can be determined by reference to the collector voltage- 
current curves for the transistors. As shown in Fig. 5-29, the minimum 
voltage point should be selected so that it is just to the right of the curved 
portion of the characteristics (where the curves start to straighten out). If 
curves are not available for the transistors, an arbitrary 2 V can be used for 
the minimum voltage. This is satisfactory for most power transistors. 


(Approx 2 V) 


| Minimum collector 
LTS voltage 


/ 


collector 


Figure 5-29 Locating minimum 
15 20 25 30 collector voltage point on typical 
Voottector power transistor curves 


5 10 


Maximum current can be determined by the total collector voltage swing 
and the desired power output. The relationship is 


Max current — ____2.1 X power output 
(supply voltage — mm voltage) 


As an example, assume that the supply voltage is 20 V, the desired 
output is 30 W, and the minimum voltage is an arbitrary 2 V. 


2.1 x 30 
Max current — (0 —2 = =3.5A 
Primary impedance = 40-2) = 21Q 


Push-pull input transformer 7,. Transformer T, is the input transformer 
for the push-pull output stage and the output transformer for the single- 


ended driver. The secondary impedance should be chosen to match the 


signal input impedance of the push-pull stage, whereas the primary of T, is 
chosen to match the driver output. 

The rated capability of T, should be equal to the input power of the dave: 
stage (which is generally about three times the output to the push-pull stage). 
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The total secondary impedance of T, should be four times the signal 
impedance of Q, and Q,. This input impedance is found by dividing the 
signal voltage by signal current. 

The signal voltage and current are dependent upon the desired amount of 
collector signal current. In turn, the collector signal current is dependent upon 
‘the desired output power and the primary impedance of 7, (total primary 
impedance). The relationship is 


Collector signal current — 4) __8 X power output 
total primary impedance 


With the required collector signal current established, the input signal 
voltage and current for Q, and Q, can be found by reference to the transfer 
characteristic curves. Transfer curves are usually provided on power transistor 
datasheets. Typical transfer characteristics for power transistors are shown 
in Fig. 5-30. These characteristics illustrate the required base-emitter voltage 
(or signal voltage) and base current (or signal current) for a given collector 
current. 

An additional factor must be considered in establishing signal voltage. 
The base-emitter voltages shown in Fig. 5-30 can be considered as the signal 
voltages only when the emitters of Q, and Q, are connected directly to 
ground. If emitter resistors (R, and R,) are used to provide feedback stabiliza- 
tion, the voltage developed across the emitter resistors must be added to the 
base-emitter voltage to find a true signal voltage. 


Ww 


I 


collector 


0 10; 20 30 40 
i 


loose 
(mA) 


Figure 5-30 Curves showing base voltage and current versus collector 
current for typical power transistor 


The values of R, and R, are chosen to provide a voltage drop approxi- 
mately equal to the base-emitter voltage when the collector signal current is 
passing through the emitter resistors. Since the base-emitter voltage of a 
silicon power transistor is typically less than 1 V, the values for R, and R, can 
arbitrarily be set to provide a 0.5- to 1-V drop with normal collector signal 
current. 
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The primary impedance of T, should match the output of Q,. The rela- 

tionship is 
. : supply voltage — min voltage 
Primary impedance = saeieclor cement at O point" 

However, for practical design it is generally easier to select the trans- 
former on the basis of secondary impedance and power rating, and then 
adjust the Q, output to match a primary impedance available with an off-the- 
shelf transformer. 

A large primary impedance requires a high supply voltage for a given 
collector current. It may be necessary to trade off between supply voltage, 
available primary impedances (for off-the-shelf transformers with correct 
secondary impedance and power rating), and collector current. 

Once the primary impedance of 7; is established, the collector signal cur- 
rent for Q, can be determined. The relationship is 


Collector signal current = 2 X power output 
primary impedance 
The power output from Q, must equal the required power input for Q, 
and Q,. This power is determined by 


Power input = signal voltage x signal current 


Input transformer 7,. As shown in Fig. 5-27, transformer 7, can be 
omitted if the RC circuit is used. Generally, the transformer-coupled circuit 
is used if it is particularly important to match the impedance of the signal 
source to the amplifier. When used, the primary impedance of 7, should 
equal that of the signal source. The secondary of 7, should match the signal 
input of Q,. The signal input impedance is found by 


Signal input impedance — signal voltage 
signal current 

The signal (input) voltage and current are dependent upon the desired 
amount of collector signal current for Q, (previously established in calculating 
the secondary impedance of 7,). With the required collector signal current 
established, the input signal voltage and current for Q, can be found by 
reference to the transfer characteristic curves. 

If emitter resistor R, is used to provide feedback stabilization, the voltage 
developed across the emitter resistor must be added to the base-emitter 
voltage to find a true signal voltage. The value of R; can. be selected to 
provide between 0.5- and 1-V drop with normal collector signal current (as 
discussed for emitter resistors R, and R,). 
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If transfer characteristics are not available for Q, (as is sometimes the case 
for low-power transistors), it is still possible to find the approximate signal 
voltage and current required to produce the necessary output. Signal voltage 
can be approximated by assuming that the base-emitter drop is 0.5 V. This 
must be added to any drop across emitter resistor R; (arbitrarily chosen to be 
between 0.5 and 1 V). Signal current can be approximated by dividing the 
desired collector signal current by B of Q,. Of course, since f is variable, the 
input signal current can only be a rough estimate. 


Supply voltage. The source voltage required for Q, is approximately 
double that required for Q, and Q,. However, since all three transistors are 
operated from the same supply, the source voltage is chosen to match the 

requirements of Q,. As a guideline, 


3 to 9 V is used for power outputs up to 2 W 
6 to 15 V for power up to 20 W 
15 to 50 V for power up to 50 W 


These rules apply to the output of Q,. Transistors Q, and Q, require 
approximately one-half the voltage. For example, if Q, is to deliver 20 W 
(by itself), 6 to 15 V is required. If Q, and Q, are to deliver the same 20 W, 
the voltage required will run between 3 and 7.5 V. 

In any amplifier circuit, a higher supply voltage permits lower currents 
(and vice versa), all other factors being equal. 


Transistor selection. Both frequency limit and power dissipation must be 
considered in selecting transistors. In any audio system the transistors 
should have an f,, higher than 20 kHz and preferably higher than 100 kHz. 
The power dissipation of Q, should be at lesst 3 times the required output of 
Q,. The power dissipation of Q, and Q, should be between 1.3 and 1.5 times 
the required output of the amplifier circuit (at 7;). If any power dissipation 
exceeds about 1 W, heat sinks will be required. 


Base bias resistances. Resistors R,, R,, and R, serve to drop the supply 
voltage to a level required at the transistor bases. 

The drop across R, should (in theory) bias Q, and Q, at cutoff. That is, 
no base current should flow except in the presence of a signal. This is not true 
in a practical circuit, since the complete absence of base current will result in 
no drop across R,. Also, such a bias condition will usually result in crossover 
distortion. 

As a starting point for Q, and Q, bias values, assume that a small residual 
base current is going to flow in each transistor. The value of this residual 
current can be assumed (arbitrarily) as 0.1 times the normal signal current. 
The combined residual currents of Q, and Q, flow through R,. The value of 
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R, is calculated by 


R= supply voltage 
4 ~~ 2 residual current 


If transformer T, is used, resistor R, is omitted. Under these conditions, 
the drop across R, should bias Q, at the operating point. The base current of 
QO, flows through R, and produces the drop. The base current used to 
calculate the Q, input impedance can be used as a starting point for the R, 
value. The relationship is 
R supply voltage 

Ye OE ak aaa 
base current 


If transformer 7, is not used, resistor R, is added. The value of R, 
determines the approximate input impedance of the amplifier, and is gener- 
ally so selected. Typically, R, is greater than 500 Q, and less than 20kQ. 
When R, is used, the voltage drop from base to ground will also appear 
across R,, resulting in some current flow through R,. This current flow must 
be added to the base current in calculating the value of R,. 


Coupling capacitor. When transformer T, is used, capacitor C, is omitted. 
When used, C, forms a high-pass filter with R,, producing some loss at the 
low-frequency end of the audio range. Using a 1-dB loss as the low-frequency 
cutoff point, the value of C, can be found by 


l 


Capacitance (F) = 3.2 x frequency (Hz) x resistance (Q) 


5-10. DESIGNING LOW-POWER AUDIO AMPLIFIERS 
USING PLASTIC TRANSISTORS 


The use of plastic transistors in the output circuits of low- 
power audio amplifiers permits the designer to get maximum performance at - 
minimum component cost. Motorola Semiconductor Products Inc. has 
developed several such transistors, together with complementary-symmetry 
audio amplifier circuits which take full advantage of the transistor character- 
istics. In this section, we shall discuss design of three complementary- 
symmetry circuits, together with power supplies for the circuits. 

The circuits can be fabricated using the component values and supply 
voltages shown in the parts list of the related schematic diagrams. However, 
the circuits are quite flexible, and can serve as a starting point for design of 
similar circuits. To make full use of this flexibility, the circuit diagrams and 
parts lists are supplemented with design notes which explain the why and how 
of circuit performance. 
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5-10.17. Three-Transistor Audio Amplifier 


Portable and toy phonographs that use ceramic cartridges of 
I- to 3-V output do not usually require low distortion, extended frequency 
response, or high-input sensitivity. Using a simple complementary-symmetry 
circuit in these applications can result in significant cost savings over other 
amplifiers. The basic three-transistor circuit, shown in Fig. 5-31, can provide 
2-W output with suitable component and power supply values. 

Table 1 in Fig. 5-31 shows the performance of the various versions of the 
circuit. Table 2 in Fig. 5-31 lists the output power of each version operated at 
the higher impedance loads. The following design notes apply to all versions 
of the Fig. 5-31 circuit. 


Supply voltage. The supply voltage (V,,) is chosen to provide the neces- 
sary signal swing across the speaker. V,, must also be of sufficient magnitude 
to offset the losses in the transistors and associated components. 

The equation for the required V¢, is 


Veo oe 2x) (Pour(rms Rr + VeriearyQ2 — Va r(eatyQ3 
+ Versa) + Trg (Ry)2Iour peax(R7) (5-1) 


The first term in the equation gives the voltage across the load; the 
remaining terms give the added voltage required to make up for the saturation 
losses. The sum of the second term, Voeg(sa)Q2, and one-half of the last term 
is the saturation loss on the positive half-cycle, and the remaining terms are 
the losses on the negative half-cycle. 


~ Center yoltage. The center voltage (or the voltage at the junction of 
emitter resistors R, and R,) must be one-half of the supply voltage to ensure 
maximum signal swing at the speaker. The equivalent circuit in Fig. 5-32 
shows the d-c feedback mechanism which maintains the center voltage. 
Equations for the center voltage are 


V centse aad Veo —_ (eQ1)(Rs) (5-2) 
Veenter = Veo — (KIgQ;)(R, + R;) (5-3) 


The constant-X is a factor of 5 or greater, which allows sufficient current 
in the R,-R, divider to prevent its being loaded by the base current of Q,. 

The voltage at the base of Q, is slightly greater than the base-emitter 
voltage of Q,. The difference appears as a voltage drop across R,, which sets 
the collector current of Q,. This determines the center voltage, according to 
Eq. (5-2). If the center voltage increases, the voltage at R, increases, the 
collector current of Q, increases, the voltage drop across R, increases, and the 
center voltage decreases to a value approximating the original. 


+e 


Speaker 


*See parts lists for starred values. = 


Parts List 
Part No 1 WwW, 82 | 1W, 16 2 


Ve | tev lav 


R, | 560k2 | 680 kQ 
Ry | 560k2 | 560 ko 


20 V 


820 kQ 
750 kQ 


IBV 


560 kD. 
470 kQ 


I5 V 


680 kN 
360 kQ 


R; | 22MQ2 | 27M2 |56MQ | 33MQ 2.7 Ma 
Rs | 270 270 «| 330 | 220 | 2a 

Re | 5602 | 8202 | 1.0k2 | 2202 | 2000 
Cp | 250pF | 150uF | 1l00uF | ISOuF | 250pF 
@, |MPS6560 |} MPS6561 | MPSAOS | MPS6560| MPSUO!* 
@; |Mpses562 | MPS6563| MPSA55 | MPS6562 | MPSUSI* 


*Uniwatt 


Table 1: Performance of the Three-Tronsistor Amplifier 


Performance Feature 1W, 40 2] 2W,16Q |} 2W, 82 
Sensitivity at rated yt 1.4.V 
Input current, rated Ayyr 240 mA 
Idling current 17 mA 
Input impedance 560 kQ | 680 kD 
Approximate high— 13 kHz 
frequency cutore 


Table 2: Performance of Three—ond Four—Transistor Circuits. with Different Impedances 


16-Q load r 
Pout Average d-c Current Pout 


0.35 W 


40-2. load 


Amplifier Version Average d-c Current 


7OmA 
7OmA 
90 mA 


Figure 5-31 Three-transistor audio-amplifier circuit using plastic 
transistors (Courtesy Motorola) 
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Figure 5-32 Equivalent circuit kis | 


for three-transistor amplifier 
showing the feedback path for 
stabilizing /¢ and Veenter (Cour- 
tesy Motorola) 


Closed-loop gain. The closed-loop a-c gain in the Fig. 5-31 circuit is set by 
the ratio of R, to R,. The d-c conditions of the circuit determine the value of 
R,. The input impedance of the circuit is approximately equal to the resis- 
tance of R,. 


Crossover distortion. To offset crossover distortion, which is most evident 
at low signal levels, the output transistors are forward biased to allow a small 
“idling” current through their collectors (refer to Sec. 5-3.3). 

In the Fig. 5-31 circuit, the idling current is produced by the forward 
voltage of D, and the voltage drop across R,. However, heating of the 
output transistors by signal power and elevated ambient temperatures could 
cause this idling current to increase to a value which might cause thermal 
runaway. For those not familiar with thermal runaway, a brief description is 
in order. When current passes through a transistor junction, heat will be 
generated. If all of this heat is not dissipated by the case, the junction tem- 
perature will increase. This, in turn, will cause more current to flow through 
the junction even though the voltage, circuit values, etc., remain the same. In 
turn, this will cause the junction temperature to increase even further, with a 
corresponding increase in current flow. If the heat is not dissipated by some 
means, the transistor will burn out and be destroyed. 

In the Fig. 5-31 circuit, the thermal runaway problem is prevented by the 
compensating negative temperature coefficient of bias diode D,, which 
reduces the idling current to a safe value. Diode D, is mounted near one 
output transistor so that the base-emitter junction and diode are the same 
temperature. Thus, the voltage drops across diode D, and the base-emitter 
junction are the same and remain the same with changes in temperature. 

Asan example, should temperature rise, the emitter and collector currents 
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of the transistor also tend to rise. The same temperature rise causes the 
forward resistance of D, to decrease. As a result, the current flowing through 
Rg increases, causing an increase in the voltage drop across R,. Since this 
voltage drop tends to reverse-bias the emitter-base junction, the net forward 
bias for that junction is reduced, and the emitter-collector currents are 
reduced to normal (or tend to reduce to normal). Should the temperature fall, 
the action is reversed, and the emitter-collector currents are raised toward 
their normal values. 

It is recommended that the 1-W 8-Q, as well as the 1-W and 2-W 16-Q 
circuits use the heat sink shown in Fig. 5-33 for one output transistor and D,. 
The extra heating induced in the diode by the power dissipated in the output 
transistor will cause an even greater reduction in idling current. The other 
output transistor should be mounted in a heat sink similar to the Staver F1-7. 

The combination of the diode and heat sink allows safe operation to about 
60°C, while keeping crossover distortion at a minimum. 


Both transistor and diode 
are in TO-92 packages Transistor 


Diod 
io om 


Figure 5-33 Bias diode and 

one output transistor mounted 
Heat sink on the same heat sink (Courtesy 
similar to Staver Fi-8 Motorola) 


a-c response. The a-c response of the Fig. 5-31 circuit is determined by 
capacitors C, and C,, and the input capacitance of Q,. Transistor Q, is of the 
Darlington type which has very high gain. The input capacitance is the Miller 
capacitance (collector-to-base), plus the base-emitter capacitance. 

The high-frequency cutoff point is determined by 


I 


Hi h- =—FFQEr. D ~ rn 
AGH EAMEHCY COLON = Goa se Rae Ce 


(5-4) 


where Ry is the resistance of R,, and C,y is the input capacitance of Q,. 


Typically, the high-frequency cutoff is between 10 kHzand 20 kHz, depending 
on which version of the circuit is used. 

The low-frequency cutoff point is determined by the input impedance-in 
series with C, and the speaker impedance in series with C,. An approximate 
low-frequency cutoff point can be found using the equations of Sec. 5-1. 
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Bypass capacitor C, is connected from V,, to ground to prevent possible 
oscillation caused by high-current transients in the power supply leads. 


Grounding the loudspeaker. In some systems, it may be desirable to 
ground the “cold” side of the speaker, instead of connecting the speaker to 
the supply voltage. This is accomplished by using the alternate circuit of 
Fig. 5-34. The positive half-cycle drive current for Q, is furnished through 
R,. Assuming that C, is absent, it is apparent that the voltage drop across R, 
is going to be reduced as the output is driven positive, thus reducing the drive 
current to Q,. This causes clipping at a point much lower than Vc. 

In the basic circuit of Fig. 5-31, output capacitor C, is charged to one-half 
of Voc. When the output voltage rises to V.,, the voltage on the load side of 
C, is effectively 1.5 times Voc. This “extra” d-c charge allows full drive 
current to Q, on the positive excursion of the output. In the alternate circuit 
of Fig. 5-34, the bootstrap capacitor C, provides the same effect. 


Figure 5-34 Alternate circuit 
for grounding the loudspeaker 
(Courtesy Motorola) 


§-10.2. Four-Transistor Audio Amplifier 


Many applications require low-power audio amplifiers with 
fairly high-input sensitivity, high-input impedance, and low distortion. 
Examples are AM and AM/FM radios, radio-phonographs, and small 
console-type phonographs which use low-output crystal cartridges. The 
four-transistor complementary-symmetry circuit. shown in Fig. 5-35 is well 
suited for such applications. 

Table 1 in Fig. 5-35 shows the sensitivity of the various versions of the 


1W, 16 2 


TW, 8 2 


l2V l4v 20 V l4v I8V 
3.3 MQ 5.6 MQ 6.8 MQ 7.5 MQ 5.6 MQ 
Ra 1.0 kQ 1.0k2 1.2 kQ 1.0 kQ 10kQ 
fats 3.3 kQ. 3.9kQ 3.9 kD 3.9 kD. 3.9kQ 
Fe 560 2 560 2 1.0 kQ. 820 2 390 0 
Rr 272 272 272. IBQ 18.2 
Rio Adjust for desired sensitivity; 200 Q minimum for 1MQ Z in. 
oy 250 uF | ISO pF 100 pF I5S0uF >| 250puF 


Q3 MPS6560 | MPS6S561 MPSAO5 MPSUO! MPS6560 
Q4 MPS6562 | MPS6563 MPSAS5 MPSUS| MPS6562 


Table 1: Sensitivity of the Four-Transistor Amplifiers 
with C4 = IO uF and Aig = 200 2 


Sensitivity without 
C4 and Rio 


Amplifier 


Sensitivity with 
Ca and Fig 


600 mv 
iw, 16 Q 800 mv 
1W, 40 2 1350 mv 
2 W, 16 Q 900 mV 
1100 mV 


Table 2: Performance of the Four-Transistor Amplifiers 


Performance 


Feature Iw,82 1W,16 2 1W, 40 2 2W, 82 
Sensitivity at 0.6 Vrms 0.8 Vrms |} 1.35 Vrms 09 Vrms 
rated Pout 
Input current at I80 mA lO mA “240 mA 145 mA 
rated Ayyy, O% THD 
Quiescent idle l2mA 13 mA IS mA IS mA 
current 


Total harmonic distortion: |O% at rated Foyr 
2% at % rated Foy, measured with regulated power supply 


Figure 5-35 Four-transistor audio-amplifier circuit using plastic 
transistors (Courtesy Motorola) 
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circuit. Table 2 in Fig. 5-35 lists the performance of the various versions. The 
following design notes apply to all versions of the Fig. 5-35 circuit. 


Center voltage tracking. To ensure maximum undistorted signal swing at 
the speaker, the center voltage (at the junction of R, and R,) must be one-half 
of Vcc. For low distortion and symmetrical clipping with variations in Vc, 
the center voltage should “track” V¢. That is, when Vc, changes, the center 
voltage should change by a corresponding amount. This tracking should be 
independent of variations in transistor characteristics. 

Center voltage tracking is accomplished by the d-c feedback character- 
istics of the amplifier. The voltage at the base of Q, is set by the divider 
action of R,, R, and R;, thus setting the voltage at the top of R,. The currents 
through R, and R, are almost the same and are approximately equal to the 
emitter voltage of Q, divided by the resistance of R,. The current through R, 
and R, is much greater than the emitter current of Q,, so variations of the 
emitter current caused by changes in Q, gain will have little effect on the 
divider current. 

Transistor Q, is biased as a class A amplifier (refer to Sec. 5-3.1). The d-c 
load resistor for Q, is R,;. Transistors Q, and Q, are slightly forward-biased 
(almost class AB, see Sec. 5-3.3), so the collector of Q, and the top of R, are 
at almost the same d-c point as the top of R,. 

If the center voltage was to decrease, the voltage at the top of R, would 
also decrease. Since the voltage at the base of Q, is set by the resistive bias 
network (R,, R,, R;) and is constant, a decrease in the voltage at the emitter 
of Q, will cause an increase in collector current of Q,. Since the collector 
current of Q, is the base current of Q,, an increase in this current will cause 
the Q, collector current to increase, raising the voltage drop across R, and 
increasing the center voltage toward its original value. 

If Vcc drops, due to loading or changing line voltage, the voltage at the 
base of Q, also drops. This decreases the drop across R, and lowers the 
center voltage. In a similar fashion, the circuit of Fig. 5-35 will compensate 
for changes in center voltage or Vcc due to loading, supply voltage, or 
changes in transistor characteristics. 


Closed-loop gain. The d-c closed-loop gain of the Fig. 5-35 amplifier 
circuit is set by the ratio: (R, + R,)/R,, and is quite low, allowing maximum 
d-c stability. The a-c closed-loop gain is also determined by this ratio, but 
may be increased considerably by adding C, and R,,. The a-c gain is then 
approximately equal to R, divided by R,. Table 1 in Fig. 5-35 shows the 
sensitivity for the various versions of the circuit without C, and R,,, and with 
R,, equal to 200 Q and C, equal to 10 wF. 


Crossover distortion. To prevent crossover distortion, the output transis- 
tors are slightly forward-biased by the forward voltage drop of D, and the 
drop across R,. 
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On the negative half-cycle of the signal, drive current for output transistor 
Q, is through R,. To prevent the loss of drive to Q, which would occur on 
large negative signals, resistor R, is connected to the loudspeaker. This 
allows the output coupling capacitor C, to act as a bootstrap capacitor and 
supply adequate drive current to Q,. 


Filtering. Capacitor C, filters the supply to prevent possible oscillation 
caused by high-current surges. The base of Q, is biased by the supply voltage. 
It is necessary to filter this d-c bias voltage to prevent powerline hum and 
noise being amplified by the circuit. Resistor R, and capacitor C, form a 
high-pass filter with a 3-dB rolloff point at about 1 Hz. This effectively filters 
the bias voltage at the base of Q,. 


Frequency response. Low-frequency response of the amplifier is deter- 
mined by C, and C;. Typically, cutoff is about 50 Hz. The high-frequency 
response is determined essentially by the transistor characteristics and is 
typically greater than 20 kHz. 


Input impedance. The circuit of Fig. 5-35 offers a high-input impedance. 
Use of a Darlington amplifying transistor for Q, ensures that the input 
impedance will be primarily determined by the input biasing resistors R, and | 
R,. Typically, the input impedance is greater than 1 MQ for any of the Fig. 
5-35 circuit versions. 


Heat sinking. Heat sinking of the output transistors is required for 
reliable operation at high ambient temperature and high line voltage. All 
comments on heat sinking for the three-transistor amplifier circuit (Sec. 
5-10.1) apply to the four-transistor circuit. With these heat sinking arrange- 
ments (diode on common heat sink with one output transistor, and the other 
output transistor also heat sinked), reliable operation to about 60°C is 
possible. 


§-10.3. Power Supplies for Amplifier Circuits 


The continuous output power of the amplifiers is dependent 
upon regulation of the power supply. The usual procedure for phonograph 
amplifiers is to use an overwinding on the motor as the secondary of the 
power transformer. AM/FM radios usually use an inexpensive transformer 
which has relatively poor regulation. Either of these methods results in a drop 
of 10 to 25 per cent in supplied voltage at maximum required output current. 
Basically, this means that the average 1-W or 2-W amplifier is not capable of 
sustaining these power levels continuously. 

As an example, Fig. 5-36 shows a schematic of half-wave and full-wave 
power supplies with a chart of voltage versus load resistance. The output 
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IN400Z 


Line Triad 


Vout 


Adjustable 
auto 
transformer 


100 2 | 150.2 | 2002 
IBV |I3-9V | l46ev] i5v 
IBV }I6.2V {166 V] 16.9 V 


Figure 5-36 Power supply voltage regulation with load variations 
(Courtesy Motorola) 


Half-wave 


Full-wave 


voltage of the half-wave circuit drops from 18 V to 13.9 V with a 100-9 load. 
This is about the same load as a 1-W 16-Q amplifier under loaded conditions. 
(An 18 V supply is not sufficient for a 2-W 16-Q amplifier). 

In general, if 1 W of continuous power amplification for a 16-Q load is 
needed, any power supply that can deliver 2W of program material is 
satisfactory. Most musical program material consists of a fairly low-to-average 
sound level punctuated by occasional high-power peaks. Even the simple 
half-wave supply shown in Fig. 5-36 is capable of delivering and sustaining 
the desired power level of music program material. 


Effects of filter capacitance. The average output of the power supplies 
shown in Fig. 5-36 consists of a d-c voltage with some amount of hum 
(dependent upon the current drawn) superimposed on this voltage. With the 
full-wave supply and a capacitor of 500 uF, a peak-to-peak hum of 3 V and 
an average d-c voltage of 14 V is typical. When the capacitance is increased to 
1000 zF, as shown, the d-c output voltage increases to about 14.15 V but the 
hum drops to about 1 V. 

Under continuous load conditions, the hum appears in the amplifier 
output on peak positive signal excursions. With a load consisting of music 
program material, the hum level is quite low due to the low current drawn 
from the supply. For this reason, a 500 yF filter capacitor is adequate (at 
least for music program material). 
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5-10.4. Line-Operated Amplifier 


In some applications, it is desirable to use the full a-c line volt- 
age (110 V to 120 V) as the power source for amplifiers. This eliminates the 
need for a supply transformer. Typical applications for a line-operated 
amplifier include a table radio and a portable television set. The line-operated 
amplifier of Fig. 5-37 meets the needs of such applications. The circuit of Fig. 
5-37 has a single-ended output, unlike the amplifiers discussed in Secs. 5-10.1 
and 5-10.2. 

Circuit performance of the amplifier is shown in the table 1 of Fig. 5-37. 


*7, Tronsformer 

je Primary Z: 1.55 kQ 
3 Np: Ng: 20:1 

Rg: 0.25 Q (d-c) 


equivalent; 25 in@ of 
aluminum sheet, approximately 
3"x 4 


Sensitivity and Output Power at Various Load Impedances 


Input Voltage Output Power Load Impedance 


15 mV 8 W 3.2 2 
I5 mV 2.0 W 8.02 > 
I5 mV 2.6 W I6 2 


Average current drawn: 52 mA 
O-Cpower dissipated in 03: 6 W 
* Output power at 1|O% THD 


Figure 5-37 Line-operated power amplifier using plastic transistors 
(Courtesy Motorola) 


**Q,, Heat sink :Staver V1- 3 or. 
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The output power listed in the table was measured with the transformer T, 
shown. Output power of the amplifier is dependent upon 7, and load imped- 
ance. The following design notes apply to all of the load impedances listed in 
the table. 


_ d-c stability and a-c gain. As with any direct-coupled amplifier (Sec. 5-2), 
d-c stability is important to a line-operated amplifier. The required stability is 
provided by d-c feedback from the emitter of Q, to the base of Q,, through 
R,. To prevent the loss of a-c gain that could result from a-c feedback, 
capacitor C; is used to bypass the audio part of the feedback. 

The overall a-c gain of the amplifier is dependent on the gain of the Q, 
stage (which is fixed by its load and emitter impedances and is fairly low) and 
the gain of the output stage Q, (which is dependent on the primary impedance 
of transformer T,). If desired, a resistor may be inserted in series with C, to 
provide some a-c feedback. Of course, this will reduce sensitivity, but it will 
also make the circuit gain more predictable. 


Power supply circuitry. In typical table radios, part of the power amplifier 
circuitry provides a supply voltage for the IF and converter stages. The 
voltage at the junction of R, and R, can be used for this purpose. Resistor 
R, must be reduced to compensate for the added current. Capacitor C, filters 
hum and noise from this supply voltage. 

Note that the collector of Q, is operated from this supply voltage; this 
allows the use ofa transistor with a low BVcgq (breakdown voltage) for Q, 
instead of a 300-V transistor that would be required if the collector of Q, 
were attached to the collector of Q;. 


. Neutralization. High-frequency oscillation of Q, may occur with varying 
source impedances. Capacitor C, provides a form of neutralization to offset — 
any tendency for oscillation. Neutralization is discussed further in Chapter 6. 


Breakdown protection. In any transformer-coupled amplifier circuit, the 
output transistor is subject to several possible failure modes. Removal of the 
load from the secondary could cause a several-hundred-volt transient in the 
primary, which could exceed the BVexo rating of the transistor, and cause 
destructive secondary breakdown. 

Figure 5-38 shows three methods of preventing such breakdown. First, a 
voltage dependent resistor (VDR) can be placed across the primary of the 
output transformer. Second, a resistor with a value of about 5 to 10 times the 
load resistance can be placed across the transformer secondary. Third, in 
television sets where a 250 to 300 V is available (typically from the video 
amplifier supply), the collector of Q, can be clamped to the supply voltage by 
a diode. Of course, the supply voltage must be less than the BV go of Q3. In 
general, most failures are caused by exceeding the BVcgq of the output 
transistor Q3. 
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Veupply 
Output 
transformer 


on 


ae 


To a positive voltage greater 
than Vupply but less than 
300 V 


Figure 5-38 Protective methods for line-operated amplifier (Courtesy 
Motorola) 


Power dissipation. The other major cause of device failure and excessive 
power dissipation is generally due to inadequate heat sinking or excessive 
ambient temperature. The output transistor is operated as class A, and is 
dissipating about 6 W. For safe operation to about 50°C ambient, a heat sink 
with a minimum thermal resistance of 10°C/W is required. A heat sink such 
as the Staver VI-3, or an aluminum sheet having about 25 in? of radiating 
area should be used. 


Power supply circuit. Power for the amplifier circuit is provided by diode 
D,, a type IN4004 Motorola Surmetic rectifier, and C,, a 250 wF 150-V 
capacitor. A capacitor with lower capacitance may be used if desired. 
However, output power will be reduced due to the resultant decrease of 
supply voltage. 


§-10.5. Miscellaneous Considerations 


The amplifiers in Figs. 5-31 and 5-35 are very flexible. Different 
power levels and load impedances can be obtained by making minor changes 
in the bias networks and by specifying the transistors to match the application. 

For example, if a 4-W amplifier for a 16-Q load is desired, the 1-W 8-Q 
version of either circuit can be used. The output transistors recommended for 
the 1-W 8-Q amplifier are 500-mA devices. Thus, a cost saving can be realized 
by using a lower-current device such as the Motorola MPSA05 and MPSASS. 

In applications that do not require high-input impedance, a low-cost 
NPN transistor such as the Motorola MPSAJ1O0 can be substituted for the 
MPSA12 Darlington amplifier. The bias resistors would then have to be 
reduced by approximately one hundred, and the ratio of resistance altered to 
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compensate for the Vz;z,on) (base-emitter turn-on voltage) of the single 
transistor. 

If a different power level is desired, it is only necessary to compute the 
required Vcc, and then adjust the bias resistors to obtain one-half of Vc at the 
center point. The output transistors should then be specified, taking into 
consideration the peak curent, maximum V¢, (allowing 20 per cent over for 
high line and transformer tolerances), and maximum power dissipation. 


6 RF AMPLIFIER 
DESIGN EXAMPLES 


Both two-junction transistors and FETs are used as RF am- 
plifiers. Generally, FETs are limited to voltage amplifier amplifications. Two- 
junction transistors can be used in either voltage amplifier or power amplifier 
circuits. Since the number of different amplifier circuits is almost unlimited, 
it is impossible to cover all aspects of RF amplifiers in this chapter. Instead, 
we shall concentrate on a cross section of RF amplifier design examples. 

As discussed in Chapter 5, the author’s Handbook of Modern Solid-state 
Amplifiers (Prentice-Hall, Inc., Englewood Cliffs, N.J., 1974) provides a 
detailed discussion of many amplifier types. 


6-1. RF VOLTAGE-AMPLIFIER DESIGN REQUIREMENTS 


Radio-frequency voltage amplifiers are used primarily in re- 
ceivers and receiver-type circuits. An IF (intermediate frequency) amplifier, 
or IF limiter amplifier, is an example of an RF voltage amplifier. The input, 
or first stage, of a receiver may include a separate RF voltage amplifier (such 
as with some communications receivers). However, most solid-state receivers 
combine the RF voltage-amplifier function with that of the local oscillator. 
Such circuits are discussed in Sec. 6-2. 

Figure 6-1 shows the working schematic of a typical RF voltage amplifier. 
Such a circuit could be used as an IF amplifier, IF limiter, or a separate RF 
amplifier with few modifications. Both the input and output are tuned to the 
desired operating frequency by means of the resonant circuits. In this case, 


the resonant circuits are composed of transformers with a capacitor across 
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Voltage gain = a(x) 
Where A is turns ratio of B 


Nw /ZE 2 = Zp/Z5 
Zs 


Where Zp= 75 primary impedence 
Zs = Tp secondary impedence 
Supply ~ 3 to 4 times desired output voltage 
Voltage drop across A, = supply — drop across Ap; Ag = lOR- 
Voltage drop across A, 0.2 for germanium, 0.5 for silicon 
At operating frequency : XC,% Zy Of Q); XCp = primary of Tp; XC38 1002 


Figure 6-1 Basic RF voltage-amplifier design 


the primary. The capacitors can be variable, but are usually fixed. The re- 
sonant circuit is tuned by an adjusting slug between the windings. 


6-1.1. Circuit Analysis 


The considerations for transformer-coupled RF amplifiers are 
similar to those of audio amplifiers, as described in Chapter 5. However, the 
guidelines for trial values are somewhat different. 


Transistor characteristics. The overall considerations for selection of 
transistors in any solid-state circuit apply to RF amplifiers. Of particular 
importance are interpreting datasheets and determining parameters at dif- 
ferent frequencies. The temperature-related problems generally do not apply, 
since RF voltage amplifiers usually operate at very low-power levels. 

The main concern is that the transistor provide the required gain at the 
frequency of interest. In general, the transistor should provide 1.5 times the 
‘required gain at the operating frequency. This will compensate for mismatch 
variation in gain due to differences in transistors, etc. 
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Transformer characteristics. It is often practical to design an RF amplifier 
around the characteristies of a commerical transformer (interstage IF trans- 
former, IF detector transformer, RF/IF transformer, etc.). Such transformers 
are usually rated as to primary and secondary impedance (rather than turns 
ratio), and possibly current capacity. However, the typical low currents in- 
volved present no design problems. 

Some commercial transformers are provided with a built-in fixed capacitor 
across the primary (and/or secondary in some cases). When a capacitor is 
used, the transformers are rated as to the resonant frequency range or mid- 
point (455 kHz for an AM broadcast IF; 500 to 1600 kHz for an RF input 
transformer, often of the ferrite “loopstick” type; 10.7 MHz for an FM 
broadcast IF; etc.). In other transformers, a fixed or variable capacitor must. 
be connected across the transformer windings. For example, a “loopstick” 
requires a variable capacitor of the given range to provide full tuning across 
the AM broadcast band. 


Stage gain. Voltage gain of a fully bypassed RF amplifier is approxi- 
mately equal to transistor gain (f) and the turns ratio of the output trans- 
former, as shown in Fig. 6-1. When the turns ratio is considered as 
primary/secondary, the stage gain equals transistor f times the inverse of the 
turns ratio. For example, if the transistor gain is 10, and the transformer has 
a turns ratio of 10 (primary) to 1 (secondary), the net voltage gain is 1 (or 
unity). 

The required stage gain depends upon the circuit application. As guide- 
lines, a communications receiver RF stage requires a gain of between 10 and 
20, an AM broadcast IF stage requires a gain of between 30 and 40, and an 
IF amplifier for FM requires a gain between 40 and 50; a television IF am-. 
plifier (broadband) requires a gain between 15 and 20. 


Supply voltage. The value of supply voltage for an RF voltage amplifier 
is not critical. Of course, the supply voltage should be between three and 
four times the desired output voltage for the stage. In most receiver RF 
circuits, the desired output in between 1 and 2 V, so the supply could be 
between 3 and 9 V. A higher supply voltage can be used, provided the transis- 
tor characteristics are not exceeded. 


Emitter resistance. When the emitter resistance R, is bypassed, the resis- 
tance value should be chosen on the basis of direct current, rather than signal. 
The value of R, should provide a voltage drop equal to the emitter-base 
voltage differential when the normal (4-c operating point) collector current is 
flowing. A typical silicon emitter-base differential is about 0.5 V (0.2 V for 
germanium transistors). The drop across R, will serve to stabilize the gain of 
Q;. 


To get a perfect impedance match between transistor and output trans- 
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former (a practical impossibility), the total impedance presented by R, and 
the transistor should match the transformer primary impedance. As a guide- 
line, assume that the impedance represented by the full collector voltage and 
current (V;/J,) is the total transistor and R, impedance. This will establish 
the desired collector current J, and a corresponding voltage drop across R,. 
For example, assume that the supply voltage is 10 V, and the primary im- 
-pedance is 10 kQ. Ignoring the small d-c drop across the primary, the col- 
lector is at 10 V. The desired collector current to match impedance is 


10 


E 
saan ‘R 10,000 


= 0.001 A 


or 1 mA. With 1mA flowing through R, (at the operating point) and a desired 
0.5-V drop, the value of R, is 


E05 
fe nol 


Bypass capacitors. The value of the emitter-bypass capacitor C, should 
be such that the reactance, at the lowest operating frequency, is less than the 
Input impedance of the transistor. This will effectively remove the emitter 
resistor from the circuit, so far as signal is concerned. The input impedance 
of a typical two-junction transistor for RF applications is on the order of a 
‘few ohms and given on the datasheet. If the input impedance is not known, 
use a capacitor that will produce a reactance of less than 10Q at the operating 
frequency. 

“The value of supply line bypass capacitor C, is between 0.001 and 0.01 uF 
in a typical RF voltage amplifier. As a first trial value, use a value for C; that 
will produce a reactance of less than 100 Q at the operating frequency. 


Bias resistance network. The values of the bias resistance network should 
be chosen to place transistor Q, at the desired operating point. For example, 
if the desired collector current is 1 mA and Q, has a nominal gain of 10, 
the base current must be 0.1 mA. Likewise, if the emitter-base voltage differ- 
ential is assumed to be 0.5 V, with another 0.5-V drop across R;, the base 
should be at 1 V under no-signal conditions. Any combination of R, and Ry, 
that produces these relationships would be satisfactory. As a first trial value, 
make R, ten times the value of R;. Then calculate a corresponding value for 
R,, using the equations in Fig. 6-1. 

When the circuit in Fig. 6-1 is to incorporate an AVC-AGC (automatic 
volume control-automatic gain control) function, the bias network is also 
used as the AVC-AGC line. Thus, the bias network values must be calculated 
on that basis. A discussion of AVC-AGC circuits is covered in Sec. 6-3. 
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6-2. RF MIXERS AND CONVERTERS 


It is possible to design RF mixers and converters using the 
admittance parameters described in Sec. 2-2. Such a design approach is based 
on the popular two-port parameter design method, also used for voltage 
amplifiers as discussed in Secs. 2-2 and 6-6. 


6-2.1. Design Considerations 


In the design of mixers using admittance parameters, the fol- 
lowing items are of considerable importance in obtaining good overall circuit 
performance. 


. Frequencies 

. Stability 

. Gain 

. Network design 

. Local oscillator injection 
. Device selection 


Nak WN 


Each of these items are important in the mixer circuit design considera- 
tions for the following reasons: 


Frequencies. Mixing action is done by means of a non-linear device, _ 
therefore, many different frequency components are present in the output of 
the circuit. These frequency components may be classed as: 


1. Spurious mixer products. All frequency components in the output of the 
mixer, other than the desired sum or difference output component. 

2. Crossovers or “birdies”. Undesired mixer frequency components that fall 
within the mixer output passband. 

3. Intermodulation—distortion products. A special class of spurious mixer pro- 
ducts falling within the mixer output passband and resulting from interac- 
tion between signal components fed into the mixer. 


Spurious output signals are a problem with any mixer design. In addition 
to the obvious outputs of the local oscillator frequency, the input RF signal 
frequency, and the undesired sum or different frequency, many other spurious 
output signals may be present. Many of these additional undesired outputs 
are due to third and higher order distortion characteristics that the non-linear 
device exhibits in addition to the second order distortion used by such a device 
to produce the desired mixing action. 

Spurious output signals at both the desired output frequency, and. other 
frequencies may be present. The undesired frequency signals may be at- 
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tenuated by tuned circuits following the mixer, but the only recourse to 
spurious outputs at the desired output frequency may be an entirely different 
mixing scheme. 

The information in this section assumes that the designer has already 
selected suitable mixing frequencies and is ready to proceed with the actual 
mixer design. 


Stability. The stability problem of mixers may be looked at basically 
‘from a two-port standpoint. Both the Linvill C and Stern k factors, described 
in Sec. 2-2, apply to mixer design. However, for the collector circuit of a 
mixer, the stability factor should be calculated at the output frequency. For 
the base circuit, the stability factor should be calculated at the input fre- 
quency. Note that the greatest danger of oscillation occurs at the output fre- 
quency since the impedance level at the collector is higher. 

If the output port presents a low impedance or short circuit at the input 
frequency and the input port presents a low impedance or short circuit at the 
output frequency, then oscillation should not occur. 

In case it is impossible to meet these stability conditions, as calculated 
from the Stern k factor, it is still possible to proceed with mixer design using 
the same transistor. This requires external tuning networks. For example, an 
IF trap can be used at the input of the two-port network, and an RF trap can 
be used at the output of the two-port network. Of course, this involves the 
use of extra components. In general, it is better to select a transistor that will 
produce the desired stability factor (a Stern k of about three or higher) with 
‘the existing source and load. 


Gain. Conversion gain is defined as 


IF power out 
RF power in 


Depending upon the frequencies of operation, the mixer conversion gain 
will vary as. does the gain of any amplifier designed for operation at the dif- 
ferent frequencies. The gain, however, will be comparable to that obtained in 
an amplifier designed for the same intermediate frequency (IF) of operation. 


Network design. The primary considerations in the design of the input and 
output networks are: conversion gain, stability, and attenuation of off-fre- 
quency spurious output signals. 

Local oscillator injection. There are basically two methods for injecting 
the LO (local oscillator) signal, either base injection or emitter injection. Of 
these two schemes, base injection usually provides greater stability in the 
VHF and UHF frequency ranges. 


Device selection. Since a transistor is a non-linear device, any transistor 
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can be used as a mixer. However, certain characteristics make some transistors 
more desirable (as mixers) than others. These characteristics include: 


1. Frequency. The device must be capable of operation at the input, output, 
and local oscillator frequencies. Generally, the local oscillator frequency 
is the highest of the three. Thus, the LO frequency sets the transistor max- 
imum limits. 

2. Gain. The device gain will be within 3 dB when used as a mixer, as op- 
posed to an amplifier designed at the output frequency in the unneutralized 
condition. Thus, the device must be capable of the desired gain at the out- 
put frequency. 

3. Stability. It is recommended that a transistor selected for mixer applica- 
tions have a Stern & factor of at least two, and preferably three or higher. 

4. A transistor with a low-input capacity provides for easier impedance 
matching. 


6-2.2. Design Theory 


The basic design theory of a mixer circuit is explained here in 
terms of equivalent circuits with emphasis on impedance-matching techniques 
of both the input and output of the transistor to the respective networks. 


Equivalent circuits. The equivalent circuits of the mixer circuit are shown 
in Fig. 6-2. This illustration shows mixer with output shorted (Fig. 6-2(a)), 


pf ee 
vs V2=O Mixer with output shorted 
i | 
=—|Yw%=0 
- =e Vite Y| “2 
Mixer with input shorted 
a dp 
Yeze = 7 |Va=0 
Y=0 {Ye 
(b) 
Yin =Yite Yout = Y22e 


Input 


network 


*Conjugate 


Figure 6-2 Equivalent mixer circuits 
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mixer with input shorted (Fig. 6-2(b)) and network interconnections (Fig. 
6-2(c)). Note that the terms y,,, and y,,, in Fig. 6-2 are the common-emitter 
short-circuit input admittance, and common-emitter short-circuit output 
admittance, respectively. 

The equations and equivalent circuits of Fig. 6-2 illustrate the following. 
For maximum circuit stability with the input circuit tuned to the radio fre- 
quency, the output is considered as a short circuit. Likewise, with the output 
tuned to the intermediate frequency, the input circuit can be considered a 
short circuit. 

Under these conditions, in the network of Fig. 6-2(c), Y;, represents the 
input admittance of the transistor, and is equal to the small-signal common 
emitter input admittance y,,, at the input frequency. You; represents the out- 
put admittance of the transistor, and is equal to the small-signal common- 
emitter output admittance y,,, at the output frequency. 


Conversion gain and conjugate match. For maximum conversion gain the 
input network should be conjugately matched to the transistor input admit- 
tance. For example, if the transistor input admittance is 8 + 79, the network 
should be designed to produce 8 — j9. Also, the output network should be 
conjugately matched to the transistor output admittance, Therefore, in Fig. 
6-2(c), Y, is the conjugate admittance of Y,x, and Ygj7 is the conjugate 
admittance of Your. 


Base injection. In the design of a mixer circuit using base injection for 
both the input and local oscillator signals, as long as the base does not have 
sufficient drive from the local oscillator signal to move operation out of the 
small-signal region, then the small-signal common-emitter short-circuit input 
admittance will be the design criteria for the source admittance. As the local 
oscillator signal level is increased, however, the transistor is driven harder 
into conduction. The input admittance of the transistor changes to a large 
signal input admittance, this new large signal input admittance then becomes 
the design criteria for the source admittance. 

Assuming operation in the small-signal region and injection of the local 
oscillator signal at the base (Fig. 6-3) the source must be a short circuit at the 
output frequency and a y,,;, conjugate at the input frequency. Likewise, the 
load should appear as y.2, conjugate at the output frequency and a short cir- 
cuit at the input frequency. 


Emitter injection. It is also possible to inject the local oscillator signal at 
the emitter, as shown in Fig. 6-4. One of the advantages for emitter injection 
is that there is less chance of the transistor being driven out of the small-signal 
operating region. However, the disadvantages of emitter injection usually 
offset the advantages. 

With emitter injection, the emitter must still be at RF ground for the input 
frequency, but at a different impedance level for the local oscillator signal. 
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This requires a complex network. This network must present a short circuit 
to the emitter at the input frequency, and present an impedance which is the 
conjugate of the local oscillator source impedance at the local oscillator fre- 


Local 
oscillator 


source 


* Conjugate 


Figure 6-3 Base injection of both RF and local oscillator signals 


Y22e Y22e 


$< 


load 


Local 
oscillator 
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Figure 6-4 Base injection of 

A... = RF signal and emitter injection 
Conjugate of local oscillator signal 
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quency. This is a very difficult design problem if the local oscillator and input 
frequencies are very close together, and are in the VHF or UHF frequency 
range. 


6-2.3. Example of Mixer Circuit Design 


The following paragraphs described provide an example of 
how the design techniques and requirements discussed thus far can be ap- 
plied to a practical mixer. The mixer circuit, together with some equivalent 
circuits, is shown in Fig. 6-5. The mixer is used to convert a 30-MHzRF signal 
to a 5-MHz IF signal with a 35-MHz local oscillator signal injected at the 
base, using a Motorola 2N2221A transistor. 


Transistor admittance parameters. The admittance parameters for the 
2N2221A are 


Vite = 6.25 + 79.5 mmhos (at 30 MHz) 
Yoxe = 0.027 + 70.28 mmhos (at 5 MHz) 


Both admittance values are obtained from the datasheet, or from actual 
test, using an J, of 2mA and a V¢, of 10 V. 


Local 
oscillator 
(35 MHz) 


2N2221A 


0.47 yH 


1kO L 
V 


\SpF 


(d) 
Figure 6-5 Mixer circuit for conversion of 30-MHz RF to 5-MHz IF, 
using a 35-MHz local oscillator signal (Courtesy Motorola) 
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Network conjugates. The input network must be the conjugate of y,,,, 
1/y,1-. The resistance and capacitance values that will produce such a con- 
jugate are found as follows: 

The resistance is found by dividing the real part of y,,,, 6.25 mmho, into 
1. The result is 160 Q. 

The capacitance requires two steps. First, divide the imaginary part of 
Y11e. /9.5 mmho into | to find a reactance of 105 Q. Then substitute 105 Q of 
capacitive reactance into the conventional equation 1/(6.28FX,) to find a 
capacitance of 50.5 pF. 

The output network must be the conjugate of y,.,, I/y22,. The resistance 
and capacitance values that will produce such a conjugate are 


3700 Q and 9 pF 


Output network circuit. Assume that the output feeds into an IF am- 
plifier, and that the amplifier presents a load of 50 Q to the output. Thus, 
the mixer output must be matched to a 50-Q load. Also assume that the net- 
work is to be of the low-pass filter type (to attenuate higher frequencies), 
such as the one shown in Fig. 6-S(a). 


Output circuit @. The Q of the series inductance in the Fig. 6-5(a) net- _ 
work is found by 


= 1 GRs 
Q, R 3 
where Q, is the series Q of the inductance, G, is the real part of the parallel — 
admittance of the transistor, and R is the load resistance. 
Substituting the values, 
3700, 
2, — “50. ~— 1 — 27.3 
Required series inductance. The series inductance L, value that will pro- 
duce the required Q at the frequency and load is found by 


Substituting the values 


Le — 2/3 x 50 
5" (5 x 10°)(6.28) 


= 43.5 nH 


Required parallel inductance. The parallel inductance Zp value that will 
produce the required Q at the frequency and load is found by 
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For practical purposes, with the value of Q,, Lp is approximately equal 
to Ls, or about 43.5 nH. 


Required total capacitance. The total capacitance C, value that will pro- 
duce resonance at the frequency is found by 


; 2.54 x 104 
Cri DE) = Gai Mie)? x Le Gn i) 


Substituting the values, 


2.54 x 10+ 


eS (5)? x 43.5 


= 23.3 pF 

Tuning capacitance value. The value of the output tuning capacitance, 
when added to the transistor output capacitance, must equal the total capaci- 
tance C,. With a C, of approximately 23.3 pF, and an output capacitance of 
9 pF, the tuning capacitance is 23.3 — 9 = 14.3 pF. A 16-pF capacitor is 
selected for the working circuit, as shown in Fig. 6-5(d). 

Input network circuit. Assume that the input is from a 50 ohm antenna. 
Thus, the mixer input must be matched to a 50-Q load. The series and parallel 
equivalent input networks are shown in Figs. 6-5(b) and 6-5(c), respectively. 


Input circuit Q@. The Q of the series capacitance in the Fig. 6-5(b) network 


is found by 
0. = fF 


where Q, is the series Q of the capacitance, G, is the real part of the parallel 
admittance of the transistor, and R is the load resistance. 
Substituting the values, 


Required series capacitance. The series capacitance Cy, value that will 
produce the required Q at the frequency and load is found by 


1 
Cs = 628FO,R 
Substituting the values, 
1 
Cy = = 72 pF 


6.28(30 x 10°)1.48 x 50 


Required parallel capacitance. The parallel capacitance C, value that will 
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produce the required Q at the frequency and load is found by 


Substituting the values, 
C= sf reas! = 49 pF 
1+ Tax 


Required tuning inductance value. The inductance that will produce re- 
sonance at the frequency is found by 


. 2.54 x 104 
L (in wh) = Fan MHz)? x Cn PE) 


Substituting the values, 


_ 2.54 x 104 


L = Gyr x 49 


= 0.6 nH 

In the practical circuit of Fig. 6-5(d), a value of 0.47 wH is used instead of 
0.6 wH. This permits an adjustable tuning capacitor (15 pF) to be placed in 
parallel with the inductance. The 1.2-pF capacitor provides for local oscil- 


lator injection. The 1.2-pF value will not significantly affect the 72-pF 
capacitor (which is also adjustable). 


Conversion gain. Figure 6-6 gives conversion gain as a function of local 
oscillator input levels for different collector currents. Keep in mind that the 


2! <= 


40 2mA 4mA 
3 30h 
r= 
35 6 mA 
20 
G 2N2221A (non-AGC) 
210 35 MHz,30 MHz>5 MHz 
5 |mV RF input 
O 
oO Es. 
—IOL l (ee es Geer l ae 
0 0.2 0,4 0.6 0.8 1.0 |.2 4 L.6 


Local oscillator input levels (V) 


Figure 6-6 Conversion gain of mixer circuit at various lavels of collector 
current (Courtesy Motorola) 
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y-parameters are a function of collector current. Thus, a new set of parameters 
must be used to design the matching networks for different collector currents. 


6-3. AVC-AGC CIRCUITS FOR AMPLIFIERS 


Most receivers have some form of AVC-AGC (automatic 
volume control-automatic gain control) circuit. The terms AVC and AGC 
are used interchangeably. AGC is a more accurate term since the circuits 
involved control the gain of an IF or RF stage (or several stages simultane- 
ously), rather than volume of an audio signal in an AF stage. However, in 
a broadcast receiver the net result is an automatic control of volume. Either 
way, the circuit functions to provide a constant output despite variations in 
signal strength. An increased signal will reduce stage gain, and vice versa. 

Figure 6-7 shows the working schematic of two AGC systems that are 
common to broadcast and communications receivers. Diode CR, acts as a 
variable shunt resistance across the input of the IF stages. Diode CR, func- 
tions as the detector and AGC bias source. 

Under no-signal conditions, or in the presence of a weak signal, diode 


Detector 


AVC-AGC tine 


CR, is reverse biased with no signal 
Co ™ 10 pF 

Drop across hy + 0.5-1.0 V 

Drop across A; + Re *1.0-2.0V 
Drop across F’s = supply — (Ry + Ro) 
Ry+ Ro 2 IOXRe 


Figure 6-7 Basic AVC-AGC circuit 
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CR, is reverse-biased and has no effect on the circuit. In the presence of a very 
large signal, CR, is forward-biased and acts as a shunt resistance to reduce 
gain. 

The output of CR, is developed across R, and applied to the audio stages. 
Resistor R, also forms part of the bias network for the IF stage transistor. 
The combined fixed bias (from the network) and variable bias (from the 
detector) is applied to the IF stage base-emitter circuit. The detector bias 
varies with-signal strength, and is of a polarity that opposes variations in 
signal. That is, if the signal increases, the detector bias will reverse bias the 
transistor. 


6-3.1. Design Requirements 


Both AGC systems (shunt diode and variable bias) are often 
found in the same receiver. The variable-bias system handles normal varia- 
tions in signal. The shunt diode handles large-signal variations. 


Shunt diode. The shunt diode CR, should have a maximum reverse (peak 
inverse) voltage rating equal to the supply voltage. In most cases, the diode 
will have a reverse voltage greater than 1 or 2 V. However, if the diode is 
capable of handling the full supply voltage, there will be no danger of break- 
down. The forward-current capability of CR, should be such that the diode 
can pass the current if there is a full voltage drop across the collector resistors. 
The values of R, and R, must be such that CR, is reverse-biased under no- 
signal conditions (with the IF stages at the Q point). 


Bias network. The values of the bias network (R,, R,, and R, should be 
chosen to provide the desired fixed bias for the IF stages. The drop across 
R, and R, is the bias value applied to the base of the IF stage. The drop across 
R, is combined with the pulsating detector signal output. Typically, the drop 
across R, is on the order of 0.5 to 1 V. The drop across R, and R, is between 
1 and 2 V. The value of C, is quite large in relation to other bypass capacitors, 

and is typically 10 wF, or larger. 


6-4. RF POWER AMPLIFIER AND MULTIPLIER DESIGN 
REQUIREMENTS 


Figure 6-8 shows the working schematics of typical RF power 
amplifiers. The same basic circuits can be used as frequency multipliers. 
However, in a multiplier circuit, the output must be tuned to a multiple of the 
input. A multiplier may or may not provide amplification. Usually, most of 
the amplification is supplied by the final amplifier stage, which is not operated 
as a multiplier. That is, the input and output of the final stage are at the same 
frequency. . 
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Voc 
Feed-through 
bypass 


Loading 


RF out 


RFC Resonant 
tuning 


(a) Typical for Final Amplifier 


Vee 


RF out 


RF in 
! Resonant 
tuning 


(b) Typical for Multiplier 


Figure 6-8 Typical RF power amplifier and mutiplier circuits 


A typical RF transmitter will have three stages: an oscillator to provide 
the basic signal frequency; an intermediate stage that provides amplification 
and/or frequency multiplication; and a final stage for power amplification. 
In some cases there are three stages of amplification following the oscillator 
stage. 


6-4.1. Design Requirements 


All of the general design considerations for other types of RF 
amplifiers apply to RF power amplifiers and multipliers. Of particular im- 
portance are interpreting datasheets, determining parameters at different 
frequencies, and temperature-related problems. In addition to the basic con- 
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siderations, the following problems must be considered in RF power amplifier 
design. 


Tuning and adjustment controls. The circuit of Fig. 6-8(a) has two tuning 
controls (variable capacitors) in the output network. The network of the Fig. 
6-8(b) circuit has only one adjustment control. The circuit of Fig. 6-8(a) is 
typical for power amplifiers, where the output must be tuned to the resonant 
frequency by one control and adjusted for proper impedance match by the 
other control (often called the loading control). In practice, both controls 
affect tuning and loading (impedance matching). The circuit of Fig. 6-8(b) is 
typical for multipliers or intermediate amplifiers where the main concern is 
tuning to the resonant frequency. 


Minimum capacitance. Also note that variable capacitors are connected 
in parallel with fixed capacitors in both networks. This parallel arrangement 
serves two purposes. First, it provides a minimum fixed capacitance in case 
the variable capacitor is adjusted to its minimum value. In some cases, if a 
minimum capacitance is not included in the network, a severe mismatch can 
occur when the variable capacitor is at its minimum, resulting in damage to 
the transistor. Another reason for the parallel capacitor is.to reduce required 
capacitance rating (and thus the physical size) of the variable capacitor. 


Tuning range. The maximum capacitance range of the tuning network is 
dependent upon the required tuning range of the circuit. A wide frequency 
range requires a wide capacitance range. In a practical circuit, use a capacitor 
with a midrange capacitance equal to the desired capacitance at the center 
frequency. For example, if 25 pF is required to produce resonance at the 
center operating frequency, use a variable capacitor with a range of 1 to 50 pF. 
If such a capacitor is not readily available, use a fixed capacitor of 15 pF in 
parallel with a 15-pF variable capacitor. This provides a capacitance range of 
16 to 30 pF, with a midrange of about 23 pF. 


Class of operation. Normally, amplifiers and multipliers using the cir- 
cuits of Fig. 6-8 are operated as class B or C. The transistors remain cut off 
until a signal is applied, and are never conducting for more than 180° (half- 
cycle) of the 360° input signal cycle. In practice, the transistors conduct about 
140° of the input cycle, either on the positive half or negative half, depending 
upon the transistor type (NPN or PNP). No bias, as such, is required for this 
class of operation. 


Emitter connection. In RF power amplifiers, the emitter is connected 
directly to ground. In those transistors where the emitter is connected to the 
case (typical in many RF power transistors), the case can be mounted on a 
chassis that is connected to the ground side of the supply. voltage. A direct 
connection between emitter and ground is of particular importance in high- 
frequency applications. If the emitter is connected to ground through a 
resistance (or even a long lead wire), an inductive or capacitive reactance can 
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develop at high frequencies, resulting in undesired changes in the network. 
Another reason for direct connection between emitter and ground is to pro- 
duce maximum gain. All other factors being equal, a decrease in emitter 
resistance (in relation to, collector impedance) produces an increase in am- 
plifier gain. 


Power supply connections. The transistor base is connected to ground 
through an RF choke (RFC). This provides a d-c return for the base, as well 
as RF signal isolation between base and emitter or ground. The transistor 
collector is connected to the supply voltage through an RFC and (in some 
cases) through the coil portion of the resonant network. The RFC provides 
d-c return, but RF signal isolation, between collector and power supply. 
When the collector is connected to the power supply through the resonant net- 
work, the coil must be capable of handling the full collector voltage. For this 
reason, final amplifier networks are often chosen so that collector current 
does not pass through the coil (Fig. 6-8(a)). The circuit of Fig. 6-8(b) is used 
for applications where the current is low. . 


RFC ratings. The ratings for RFCs are sometimes confusing. Some manu- 
facturers list a full set of characteristics: inductance, d-c resistance, a-c resis- 
tance, Q, current capability, and nominal frequency range; a-c resistance and 
Q are usually frequency-dependent. A nominal frequency range characteristic 
is helpful in design, but usually not critical. 

All other factors being equal, the d-c resistance should be at a minimum 
for any circuit carrying a large amount of current. For example, a large d-c 
resistance at the collector of a final power amplifier can result in a large volt- 
age drop between power supply and collector. Usually, the selection of a trial 
value for an RFC is based on a tradeoff between inductance and current 
capability. The minimum current capacity should be greater (by at least 10 
per cent) than the maximum anticipated direct current. The inductance is 
dependent upon operating frequency. As a trial value, use an inductance that 
will produce a reactance between 1000 and 3000 Q at the operating frequency. 


Bypass capacitance. The power supply circuits must be bypassed. The 
feed-through bypass capacitors shown in Fig. 6-8 are used at higher fre- 
quencies where the RF circuits are physically shielded from the power supply 
and other circuits. The feed-through capacitor permits direct current to be 
applied through the shield, but prevents radio frequencies from passing out- 
side the shield (radio frequencies are bypassed to the ground return). As a 
trial value, use a total bypass capacitance range of 0.001 to 0.1 wF. 

From a practical standpoint, the best test for adequate bypass capacitance 
and RFC inductance is the absence of RF signals on the power supply side of 
the d-c voltage line. If RF signals are present on the power supply side, the 
bypass capacitance and/or RFC inductance is not adequate. (A possible ex- 
ception to this is when the RF signals are being picked up due to inadequate 
shielding.) If'the shielding is good and RF signals are present in the power 
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supply, increase the bypass capacitance value. Also increase RFC induc- 
tance. Of course, circuit performance must be checked with each increase in 
capacitance or inductance value. For example, too much RFC inductance 
can reduce amplifier output and efficiency. 


Efficiency. A class C RF amplifier has a typical efficiency of about 65 to 
70 per cent. That is, the RF power output is 65 to 70 per cent of the d-c input 
power. To find the required d-c input power, divide the desired RF output by 
0.65 or 0.7. For example, if the desired RF output is 50 W, the d-c input 
power is 50/0,7, or about 70 W. Ignore the slight voltage drop across the RFC 
and/or coil, and divide the input power by the power supply voltage to find 
the collector current. With a d-c input of 70 W and a.28 V supply, the col- 
lector current is 2.7 A. 


Transistor characteristics. Transistors must be capable of handling the full 
power-supply voltage at their collectors, and the transistor current and/or 
power rating must be greater than the maximum required values. Likewise, 
the transistor must be capable of producing the necessary power output at 
the operating frequency. 

The transistors must also provide the necessary power gain at the operating 
frequency. Likewise, the input power to an amplifier must match the desired 
output and gain. For example, assume that a 50 W RF amplifier is to be 
designed and that the available transistors have a power gain of 10. The final 
amplifier must have an input signal of at least 5 W with a d-c input of about 
70 W. 


Multiplier efficiency. Typically, the efficiency of a second harmonic am- 


plifier or multiplier (with the output tuned to twice the input frequency) is — | 


about 40 per cent. The efficiencies of third, fourth, and fifth harmonic am- 
plifiers are in the approximate range of 28, 21, and 18 per cent, respectively. 
Thus, if an IF amplifier is to be operated at the second harmonic and produce 
5 W RF output, the d-c power input is approximately 12.5 W (5/0.40 = 12.5). 

Another problem to be considered in frequency multiplication is that the 
power gain (as listed on the datasheet) may not remain the same as when 
amplifier input and output are at the same frequency. Some datasheets specify 
power gain at the basic frequency, and then derate the power gain for second 
harmonic operation. As a guideline, always use the minimum power gain factor 
when calculating power input and output values. 


6-4.2. Resonant Network Analysis 


In any RF amplifier, the tuning network must be resonant at 
the desired frequency. (Inductive and capacitive reactance must be equal at 
the selected frequency.) Also, the tuning network must match the transistor 
output impedance to the load. 
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Generally, an antenna load impedance is about 50 Q whereas the output 
impedance of a typical two-junction transistor at radio frequencies is only a 
few ohms. In the case where one amplifier feeds into another amplifier, the 
network must match the output impedance of one transistor to the input 
impedance of another transistor. Any mismatch can result in a loss of power 
between stages, or to the final load. 

Transistor impedance (both input and output) has both resistive and 
reactive components, and therefore varies with frequency. To design a re- 
sonant network for the output of a transistor, it is necessary to know the out- 
put reactance (usually capacitive), the output resistance at the operating 
frequency, and the output power. Likewise, it is necessary to know the input 
resistance and reactance of a transistor at a given frequency and power when 
designing the resonant network of the stage feeding into the transistor. 

Generally, the input resistance, the input capacitance, and the output 
capacitance of RF power transistors are shown by means of graphs similar 
to those of Fig. 6-9. The reactance can then be found using the corresponding 
frequency and capacitance. For example, the output capacitance shown on 


Parallel equivalen. Parallel equivalent Parallel equivalent 
input resistance input capacitance output capacitance 
350 
eee Se 
aed 8 a 
+ cool LN 
we 
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Parallel output resistance ~ 2 X power output 


Rs = series resistance ' 


Rp = parallel resistance Xe = 658 FC 
Xg = series reactance X_ = 6.28 FL 
Xp = parallel reactance 
To convert Xs and As To convert Xp and Ap 
to parallel; to series; 
Pp 
= Rg |1+(Xs/Rg)* Rs = ————>s 
Re = Rs [1+ s/he) 5 14 (Rp/Xp) 
Fp ip 
Xp Xe/Re s = Fs xX. 


Figure 6-9 Typical RF power amplifier transistor characteristics 
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the graph of Fig. 6-9 is about 15 pF at 80 MHz. This produces a capacitive 
reactance of about 130 Q at 80 MHz. The reactance and resistance can then 
be combined as necessary. 

Input and output transistor impedances are generally listed on datasheets 
in parallel form. That is, the datasheets assume the resistance is in parallel with 
the capacitance. However, some tuning networks require that the impedance 
be calculated in series form. The equations necessary to convert between 
series and parallel forms are shown in Fig. 6-9. 

The output resistance of RF power transistors is usually not shown on 
datasheets, but may be calculated using the equations of Fig. 6-9. 


Typical resonant networks. Figures 6-10 through 6-14 show five typical 
resonant networks, together with the equations necessary to find component 
values. Note that these equations are best solved by computer-aided design 
techniques, since many are tedious and time consuming. 

The networks can be used as amplifiers and/or multipliers. Note that the 


Transistor 
to be 
matched 


——e 
Re 
Xey = QRy+ Xoo ~ Xr 
X= Ar, 6.28 F 
_ (B/AN1B/Q) _-B c= = ~ 
Cl” (B/A)-(B/Q)Q-A c 
p= 
Ri(1+Q%) ~ 6.28L 
A=,/ (———)-1 
Re 
Pocus, 
B= Ry(1+Q%) ~ 6.28 CX¢ 


Q= as desired for bandwidth 
R; = output resistance 


Cour = Output capacitance 


Figure 6-10 RF network where A; is less than A; (Courtesy Motorola) 
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network of Fig. 6-10 is similar to that of Fig. 6-8(a), whereas Fig. 6-11 is 
similar to Fig. 6-8(b). 


Impedance matching. The resistor and capacitor shown in the box labeled 
“Transistor to be matched” represent the complex output impedance of a 
transistor. When the network is to be used with a final amplifier, the resistor 
labeled R, is the antenna impedance, or other load. When the network is used 
with an intermediate amplifier, R, represents the input impedance of the fol- 
lowing transistor. It is therefore necessary to calculate the input impedance of 
the transistors being fed by the network, using the data and equations of 
Fig. 6-9. 

The complex impedances are represented in series form in some cases and 
parallel form in others, depending on which form is the most convenient for 
network calculation. The resultant impedance of the network, when ter- 
minated with a given load, must be equal to the conjugate of the impedances 
in the box. For example, assume that the transistor has a series output 


Transistor 
to be 
matched 


_ Xe 
a A = S08F 
ie /__ RR, eee 
C20 EM (Q2+1)-(Ry/R,) 6.28 FX¢ 
x, = GRIF RIRL /Xeg) pa Xt 
‘ Q?+1 6.28L 
_ 1 
6.28CX¢ 


Q = as desired for bandwidth 
R, = output resistance 


Cout = Output capacitance 


Figure 6-11 RF network where A, is approximately equal to A; (Cour- 
tesy Motorola) 
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impedance of 8.77 — j9.3. That is, the resistance (real part of impedance) is 
8.77 Q, whereas the capacitive reactance (imaginary part of impedance) is 
9.3 Q. If this was expressed as a y-parameter (output admittance, or y2,), it 
would be g (114 mmhos) — jb (107 mmhos). However, the networks of Figs. 
6-10 through 6-14 are best solved using impedances (resistance and reactance). 

For maximum power transfer from the transistor to the load, the load 
impedance must be the conjugate of the output impedance, or 8.77 + j9.3. 
If the amplifier is designed to operate into a 50-Q external load, the network 
must transfer the 50 + j0 external load to the 8.77 + 9.3 transistor load. 

In addition to performing this transformation, the network provides 
harmonic rejection (unless a harmonic is needed in a multiplier stage), low 
loss, and provisions for adjustment of both loading and tuning. 


Network characteristics. Each network has advantages and limitations. 
The network of Fig. 6-10 applies to most RF power amplifiers and is esp- 
cially useful when the series real part of the transistor output impedance, or 
R,, is less than 50 Q. With a typical 50-Q load, the required reactance of C, 
rises to an impractical value when R, is close to 50Q. 
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Figure 6-12 RF network where A, is very small in relation to AR, 
(Courtesy Motorola) 
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Figure 6-13 RF network where A, is very small in relation to Ai 
(alternative network) (Courtesy Motorola) 
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Figure 6-14 RF network where A; is very small, or very large, in 
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The network of Fig. 6-11 (often known as a Pi network) is best suited 
where the parallel resistance R, is high (near the value of R,, typically 50 Q). 
If the network of Fig. 6-11 is used with a low value of R, resistance, the 
inductance L, must be very small, whereas C, and C, become very large (be- 
yond practical limits). 

The networks of Figs. 6-12 and 6-13 produce practical values of C and L, 
especially where R, is very low. The main limitation for the networks of 
Figs. 6-12 and 6-13 is that R, must be substantially lower than R,. These net- 
works, or variations thereof, are often used with intermediate stages where a 
low output impedance of one transistor must be matched to the input im- 
pedance of another transistor. 

The network of Fig. 6-14 (often known as a Tee network) is best suited 
where R, is much less or much greater than R,. That is, the Fig. 6-14 net- 
work is well suited to drastic mismatch situations (such as matching a tran- 
sistor with an output impedance of 10 Q to a 300-Q antenna). 


6-5. RF AMPLIFIER DESIGN WITH DATASHEET GRAPHS 


High-frequency characteristics are especially important in the 
design of RF networks. Unfortunately, the high-frequency information pro- 
vided on many datasheets in tabular form is not adequate for simplified 
design. To properly match impedances, both the resistive and reactive com- 
ponents must be considered. The reactive component (either inductive or 
capacitive) changes with frequency. In practical amplifier work, it is neces- 
sary to know the reactance values over a wide range of frequencies, not at 
some specific frequency (unless you happen to be designing for that frequency 
only). 

The best way to show how resistance and reactance vary in relation to 
frequency for a particular transistor is by means of graphs or curves. For- 
tunately, manufacturers who are trying to sell their transistors for high- 
frequency power-amplifier use generally provide a set of curves showing the 
characteristics over the anticipated frequency range. 

The following paragraphs describe the basic design steps for an RF 
power amplifier, using typical datasheet curves and the equations of Figs. 6-9 
through 6-14. 

The amplifier shown in Fig. 6-15 delivers 25 W output at 175 MHz, with 
a gain of about 21 dB and 47 per cent overall efficiency. 


6-§.1. Circuit Analysis 


A summary of the amplifier’s performance is given in the table 
in Fig. 6-15. The circuit operates from a negative-grounded 12.5 V supply 
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Circuit Performance 


RF power output = 25 W 
RF power input = 190 mW 
Supply voltage = 12.5 Vd-c 


Total current 4.3A 
Overall efficiency = 46.5% 


All harmonics and 40 dB below fundamental 
spurious outputs output 
Re =50 0 
AR. = 502 
0.00! +12.5 


Output 


6 : 2N5590 


* All base chokes are Ferroxcube ferrite type VK-200 19/4B 
Figure 6-15 25-W 175-MHz RF amplifier circuit (Courtesy Motorola) 


and draws 4.3 A for a 25-W output. All stages are class C amplifiers with zero 
no-signal bias. Conventional single-tuned networks are used throughout. 

The amplifier uses the Motorola 2N5589 through 2N5591 NPN silicon 
VHF power transistors designed specifically for operation directly from a 
12-V vehicular electrical system. The gain and RF power output capabilities 
of these transistors are shown in Figs. 6-16 through 6-18. All three transistors 
are supplied in a low-inductance radial-lead stud package for improved RF 
performance and ease of mounting. 
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Basic design procedure. The design approach used for this amplifier (Fig. 
6-15) involves the use of the large-signal transistor impedances as a basis for 
synthesis of the matching networks. The impedances referred to are the ter- 
minal impedances of the transistor when operated in an optimized power 
amplifier at rated power output and supply voltage and should not be con- 
fused with small-signal two-port parameters (y-parameters, for example), 
which are normally measured at low signal levels with short, open, or 50-Q 
terminations. . 

The large-signal impedances of the 2N5589-91 transistors have been mea- 
sured and are shown in Figs. 6-19 through 6-21, and on the Motorola device 
datasheets. This data was measured at the power outputs and supply voltages 


indicated with the transistors operating in the common-emitter configuration 
with the emitter at d-c ground. 
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Figure 6-16 Power output versus frequency for 2N5589 (Courtesy 
Motorola) 
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Figure 6-17 Power output versus frequency for 2N5590 (Courtesy 
Motorola) 


Sec. 6-5 RF Amplifier Design with Datasheet Graphs 197 


Put, power output (W) 


“50 70 100 50. 200 300 
Frequency (MHz) 


Figure 6-18 Power output versus frequency for 2N5591 (Courtesy 
Motorola) 
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Figure 6-19 Parallel equivalent input capacitance versus frequency 
for 2N5591 (Courtesy Motorola) 


Transistor impedances. Both resistive (Ryy) and reactive (Cy) components 
of the parallel input impedance are given in the curves in Figs. 6-19 and 6-20. 
For output impedance, only the parallel output capacitance (Couz) is given 
(in Fig. 6-21). The resistive portion of the collector load impedance (R,) may 
be computed for any given power output and supply voltage (V--) by assum- 
ing a peak-to-peak collector voltage swing of twice the Vcc. These conditions 
yield the following expression for Ri, (See Fig. 6-9) 


1 _ Veo)? 
feo 2P 


where P = RF power output. 
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Figure 6-20 Parallel equivalent input resistance versus frequency for 
2N5591 (Courtesy Motorola) 
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Figure 6-21 Parallel equivalent output capacitance versus frequency 
for 2N5591 (Courtesy Motorola) 


Collector load. The actual optimum collector load resistance may vary 
somewhat from the value computed for R.. However, designing the output 
network for a conjugate match to R), (computed from the equation) in parallel 


with Cour has yielded excellent results with a large variety of transistor types, 
power-output levels, and frequencies. 


Output network. The output network configuration shown in Fig. 6-10 
was Selected because it performs the required impedance matching with con- 


venient component sizes. Also, the network tunes smoothly and provides 
good harmonic attenuation. 


Calculating conjugate values. The output capacitance of the 2N5591 when 
operating at 25-W output is 185 pF, as shown in Fig. 6-21. Note that the 


Sec: 6.5. RF Amplifier Design with Datasheet Graphs 199 


impedance data is given for 13.6 V operation. However, operating the 
2N5591 at 12.5 'V instead of 13.6 V does not change the transistor’s im- 
pedance characteristics significantly, and the data given may be used for 
12.5-V amplifier designs. 

R’, may be computed from the Fig. 6-9 equation as follows 


Ry = 


Therefore, the output network must be designed to transform the 50-Q 
external load to the conjugate of 3.13-Q resistance in parallel with a capaci- 
tance of 185 pF. 

In the design of the output network with the configuration shown in Fig. 
6-10, the series form of collector load impedance is more convenient. The 
collector load impedance of 3.13 Q in parallel with 4.9-Q inductive reactance 
(the conjugate of 3.13-Q resistance in parallel with 185-pF capacitance at 
175 MHz) may be converted to series form using the equations (See Fig. 6-9) 


a Rp? 3.13\2 
1+ (¥) 1+ (35) 
Re 2A 


Meare 5 


Therefore, the required collector load impedance is 2.22 + j1.42.Q. 


Network Q. For purposes of network design, the loaded Q(Q,) of the 
output network may be defined as X,,/R;, where Ry is the series equivalent 
collector load resistance. 

A Q, of 6 was selected for the 2N5591 output network. This value pro- 
vides a good combination of harmonic attenuation and low insertion loss. 

X,, 1s computed as 


= Q@, X Rs =6 X 2.22 = 13.2Q 


Series inductor. An additional series inductor is required between the col- 
lector and L, to tune out the series equivalent output capacitive reactance of 
the 2N5591, which was computed to be 1.42 Q. 

In practice, this additional inductor may be combined with L, to form a 
single series inductor with a total reactance of 13.3 + 1.42, or 14.7Q. This 
requires an inductance of 13.4 nH at 175 MHz. 


Network capacitance. X,, and X,. may then be computed using the equa- 
tions of Fig. 6-10. Solving the equations and converting the reactances to 


capacitances yields: C, = 56 pF, C, = 23 pF. 
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The values for remaining networks in the amplifier of Fig. 6-15 can be 
found using similar procedures. 


6-6. RF VOLTAGE AMPLIFIER DESIGN 


This section is devoted to design of RF voltage amplifiers. It is 
possible to design such amplifiers, both two-junction and FET, using two-port 
systems and admittance parameters, as described in Sec. 2-2. Although the 
examples given in this section are for FETs, the same basic principles apply to 
two-junction transistors. 


6-6.1. Design Example of a 200-MHz Neutralized MOSFET 
RF Amplifier 


Assume that the circuit of Fig. 6-22 is to be operated at 
200 MHz. The source and load impedances are both 50 Q. The characteristics 
of the MOSFET (taken from the datasheet) are as follows (all admittance 
values in mmhos) 


Vir = 0.45 + j7.2 
Yo. = 0.28 + j1.75 
Yo. = 7.0 —f1.9 
Vi2 = 9 — j0.16 


Note that the real part of y,, is considered as zero. c,,, is 0.2 pF. Tuning 
is to be accomplished with standard 1 to 9-pF variable capacitors. It is as-. 
sumed that the bias networks have been designed as described in Chapter 5. 
No special considerations need be given to bandwidth or selectivity in this 
example. 

When the y-parameters are plugged into the Linvill equation, the Linvill 
stability factor C is over 2. 


\(7.0 — j1.9)(0 — j0.16)| 


© = 3(0,45)(0.28) — R70 — j1.9\(—0.16) 


= 2.08 


Thus, the MOSFET is not unconditionally stable and neutralization may 
be required. It is possible that a mismatch between the MOSFET input- 
output impedances and the 50-Q source/load impedances would produce: 
sufficient stability. However, to be sure, neutralization is used. 

Since neutralization is used, the amplifier can be conjugately matched for 
maximum gain. With the real part of y,, assumed to be zero (g,, = 0) anda 
conjugate match, the maximum available gain expression can be used to find 
an MAG of about 20 dB. 
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Neutralization ———> Cs 0.5—-3 pF 


—l4V = Vop 
+16 V 


L,= 4h turns of No. 20 wire, 2 in. diam, $ in. long, tapped at 1 turn 


Lo= 34 turns of No. 20 wire, 2 in. diam, 4 in. long 


*!eadless disc capacitor 


Figure 6-22 200-MHz common-source amplifier circuit with neutrali- 
zation (Courtesy RCA) 


7.0 — 1.9? 


MAG = 


The source and load impedances must be matched to the MOSFET input 
and output impedances, respectively, to obtain the maximum gain. The input 
is matched by means of transformation (coupling autotransformer turns 
ratio). The output is matched by means of coupling capacitor reactance. 


The source input is 50 QO. For a conjugately matched input, the source 
conductance G, and the real part of the MOSFET input admittance must 
appear to be equal. Source conductance is the reciprocal of 50Q, or 
20 mmhos. The real part of the MOSFET input admittance R,(y,,) is 0.45 
mmho, The transformation ratio is approximately 44 (20/0.45), with a turns 
ratio of about 6.6 (,/44). Experimentally, a turns ratio of about 4 was found 
to be approximately the best value. The difference partially results from the 
fact that the parallel resistance of the tank coil was not considered in the 
calculation. 

Assuming that the input tuning capacitor is set to a value between 1 and 
2 pF, the required input inductance is about 0.5 wH. 


2.54 x 104 
~ freq (in MHz)? x capacitance (in pF) 


ZL (in wH) 
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The load output is also 50 Q. Because the d-c drain voltage must be | 
blocked from the load, a series coupling capacitor C, must be used. Capacitor | 
C, also functions to match the MOSFET output to the load. The load con- 
ductance G, is 20 mmhos, and the real part of the MOSFET output admit- | 
tance, R,(y2.), is 0.28 mmho. The reactance for Cys that will produce a | 
conjugate match is found by 
Rp _ 1 


where Rp is the reciprocal of the parallel MOSFET output admittance or 
1/R.(V22), Rs is the reciprocal of the load eonquciane: 1/G; (or the load 
impedance), and R, is much greater than Rg. 

Using these values, the reactance of Cs is 


Xog = 50/2 _1= 4209 


At 200 MHz, the value for Cy is found by 


1 


Cs = 658 x (200 x 108) x 420 


= 1.9 pF 
Experimentally, a 3-pF capacitor was found to perform satisfactorily. 
The capacitance of C, is in parallel with the output capacitance of the — 

MOSFET. As a guideline, the MOSFET output capacitance can be found ! 

when the imaginary part of the output admittance jb,, is put into the fol- 

lowing equation 

1 


6.28 x (200 x 108) x (4s mmhos) 


Parallel capacitance = = 1L4pF 


Note that the output admittance of the MOSFET does not truly equal 
Y22, except when the input is shorted, and y,, is truly zero. Thus, the jb,, 
figure is not necessarily accurate. However, the jb,, figure can be used to find 
a trial value for design purposes in this example. If bandwidth and/or selec- 
tivity are of concern, a more exact figure for y,, is required. This figure can 
be found using the output admittance equations of Sec. 2-2.3. 

In this example, a 1.4-pF output capacitance is considered to be in parallel 
with the 3-pF capacitance of C,, resulting in a total capacitance of 4.4 pF. 
To simplify calculations, the variable tuning capacitor is considered as set to 
2 pF. This produces a total parallel output capacitance of 6.4-pF. 

The required output inductance is about 0.1 wH, found from the equation 


2.54 x 10+ 


E (in HH) = Gon x 64 


= 0.1 wH 
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An approximate value for Cy is found when c,,, is multiplied by the ratio 
of C; to C,. The value of C, is the total parallel output capacitance of 6.4 pF. 
The value of C, must be of at least four times that of C,. In this example, a 
standard value of 33 pF is chosen (5 x 6.4 = 32). Withac,,, of 0.2, the value 
of Cy is 


33 
Cy = 0.2 X (54) ~ 1 pF 
In practice, a standard variable capacitor (0.5 — 3 pF) is used for Cy. 


This makes it possible to adjust the feedback (neutralization) for variations in 
Crss- Typically, the c,,, for the 3N128 varies between 0.15 and 0.35 pF. 


6-6.2. Design Example of.700-MHz Front-end MOSFET RF 
Amplifier for FM Tuner. 


Figure 6-23 shows the circuit of a typical MOSFET RF am- 
plifier used as the front-end of an FM tuner. Because of their low harmonic 
output, MOSFETs are well suited as front-end RF amplifiers in tuners. 

Assume that the circuit of Fig. 6-23 is to be operated at 100 MHz, and 


To 
mixer 
300-2. ae 
antenna 0,002 pF ‘i Cro 
2 2,7 pF 
Ry 220 kQ 
100 kQ From local 
oscillator 


- 15 Yop 


L, = #18 bare copper wire,4 turns, Zin. To in.winding lengtn, @ at [OO MHz = 120 


Tunes with 34 pF at 100 MHz. Antenna link approx. | turn from ground end. Gate 


tap approx. it turns from ground end. 


, , 3 
Ly = Same as, except mixer tap at approximately @ turn, 


Figure 6-23 Typical FM receiver RF amplifier using 40468 MOSFET 
(Courtesy RCA) 
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that the bias networks have been designed as described in Chapter 5. The | 
values of circuit components obtained by means of the following design are — 
given in the parts list of Fig. 6-23. The problem here is to find the best ratios | 
for matching input and output circuits to the amplifier. 

The following parameters are important in the design of the RF am- | 
plifier stage 


MOSFET (40468) parameters (at Vpp = 15 V, Ip = 5 mA): 


input resistance Ryy 4500 Q 
output resistance Roy 4200 Q 
forward transadmittance y,, 7500 zmhos 
feedback capacitance c,,, (max) 0.2 pF 
Mixer stage parameters: 
input resistance Ryy 550 Q 
input stability ZS .aix) 4 
Coil data: 
mounted unloaded QO 120 
tuning capacitance C; at 100 MHz 34 pF 
antenna impedance 300 Q 


Figure 6-24 shows the a-c equivalent circuit for the RF stage. Atresonance, _ 
this circuit reduces to the form shown in Fig. 6-25, where all impedances are | 
referred to the gate and drain terminals of the MOSFET. 

Using the maximum available gain (MAG) equation of Sec. 2-2.3 and the | 
values for the MOSFET, i 


MAG = (7500 x 107%)? x 4500 x 4200 _ 


7 266 = 24.2 dB 


Using the maximum usable gain (MUG) equation of Sec. 2-2.3 and the 


Ly 
Antenna coil Lo RF coil 


Figure 6-24 Equivalent circuit for RF amplifier stage (Courtesy RCA) 
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Fant Fry Fin(rF) Rour(rr) Pra Pinimin) 
: 


Figure 6-25 Equivalent input A, and output A, circuit of the RF stage 
at resonance (Courtesy RCA) 


values for the MOSFET, 


0.4 x (7500 x 107) 


MUG = era) x 2 x 10-%) 


= 23.5 ~ 13.7dB 


The total mismatch loss is called the stability factor S, and is equal to the 
difference (in decibels) between MAG and MUG, as follows 


S = MAG — MUG = 24.2 — 13.7 = 10.5 dB (or 11.3 times) 
In the design scheme of this example, the S value is divided between the 


input and output circuits by means of an input stability factor IS and an output 
stability factor OS, as follows 


= — Rour 
IS = OS = aR 


where R, and R, are the total parallel impedances of the input terminal (gate) 
and output terminal (drain), respectively. (See Fig. 6-25.) 
These stability terms are related to the stability factor S as follows 


S AY 
=o3 G=F 


S = IS x OS, 1S 
The division between ZS and OS is made by some arbitrary choices. In 
this example, JS is maximized so that the signal level at the gate will be mini- 
mized. This choice requires matching (or nearly matching) Roy; to its load. 
Therefore, the entire RF coil (Z,) is used as the output load. 
To get an impedance match between Royz and the load, let OS = 1, or 
unity. Then JS = S/OS, or JS = 11.3/1 = 11.3. 
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With OS = 1, the value of R, is found by OS = Royr/2R,, 2R, = 


Rous/ R) 
OS ee 
Ry =1St =i 5 = 21000 


With R, = 2100, the ratio of N,/N, is found by 
N, [TS mixy 2R2 _ 4 X 4200 _ 5.5 
N, = Rix (mix) _ 550 : 
In practice, on a four-turn coil L,, this ratio is accomplished by making 
the tap at approximately 3/4 turn from the ground end. 
To match the 300-Q antenna with the input circuit, the value of R, should 


be one-half the reflected antenna impedance. 
With JS = 11.3, the value of R, is found by 


(Ee) 4500 
IS = OR 2Ri = F5> R,= a) = 2002 


This value for R, is so much lower than R,y (4500), it can be seen that the 
MOSFET does not load the antenna coil excessively. Also, the reflected 
antenna impedance is about 400 Q, if R, is one-half the reflected value. 

The ratio N,/N, must match the reflected antenna impedance of about 
400 Q to the tuned impedance of the input coil RT,. The ratio N,/N, must 
match the actual antenna impedance of 300 Q to RT,. The value of RT, is 
dependent upon the unloaded Q (given as 120), the tuning capacitance (given 
as 34 pF), and the frequency (100 MHz). The relationship is 


_ @ 120 
1 = 638F x C, ~ 6.28108) x (34 x 107%) 


RT = 5600 Q 


The N,/N, transformation ratio is approximately 400/5600, or 14. This 
requires a turns ratio of about 3.7. The N,/N, transformation ratio is ap- 
proximately 300/5600, or 18.6. This requires a turns ratio of about 4.3. 

In practice, on a four-turn coil L,, these ratios are accomplished by making 
the taps at approximately one turn from the ground end (for antenna tap 
N,) and 1.5 turns from the ground end (for gate tap N3). 


7 TRANSISTOR 
SWITCHES 


Two-junction transistors and FETs are used in many applica- 
tions as switches. The transistor choppers used in low-drift amplifiers are 
Classic examples. Two-junction transistors are also used as switches in in- 
verter or converter solid-state power supplies. In this chapter we shall discuss 
the general switching characteristics of transistors, but will-concentrate on 
transistors used as choppers, inverters, and analog switches. 


7-1. BASIC CHOPPER CIRCUITS 


Chopper circuits are basically of either the shunt type or the 
series type, as shown in Fig. 7-1, or a combination of the two. 

The shunt chopper circuit, shown in Fig. 7-1(a), operates as follows: 
When the switch S is opened, a voltage that is directly proportional to the 
input signal appears across the load. When the switch is closed, all of the 
input signal is shorted to ground. If the switch is opened and closed peri- 
odically, the voltage across the load appears as a square wave that has an 
amplitude directly proportional to the input signal. This square wave may be 
highly amplified by a relatively drift-free, stable-gain a-c amplifier. This 
procedure is generally used in low-level d-c amplifiers, where a small d-c input 
is chopped; the resulting a-c signal is amplified, and the output of the a-c 
amplifier is rectified to produce a d-c output directly proportional to the input. 
The series chopper circuit, shown in Fig. 7-1(b), can also be used to chop 
d-c signals. This type of circuit is particularly useful in telemetry or other sys- 
tems where a signal source such as a transducer is to be connected periodically 


to a load. 


207 
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pas 
s Load 
Signal 
source 
ac or dc 
(a) Shunt 
Ke—_ 
Ss 
Signal 
source 
ac or dc 
. fe Figure 7-1 Basic chopper 
(b) Series circuit 


An ideal chopper is simply an on-off switch that has certain desirable | 
characteristics. Figure 7-2 lists some of these characteristics and shows the 
relative merits of relays, two-junction transistors, and FETs in each area. 

Early choppers were the mechanical types and used relays. These relay- 
type chopper circuits are characterized by near ideal contact performance; 
that is, extremely high impedance when open, and near-zero impedance when 
closed. However, these advantages are compromised by several disadvant- 
ages. Relays have short lifetimes, slow switching speeds, contact bounce, and 
generally, large size. Any electrical overstress might also result in an increase 
in contact resistance. 

The disadvantages of relays in choppers are eliminated by chopper tran- 
sistors, but not without introducing new disadvantages. For example, a 
transistor cannot match the near-ideal switching characteristics of a relay, A 
two-junction transistor has the additional disadvantage of offset voltage and 
offset current (which can be minimized through proper circuit design). In 
the case of FETs, particularly MOSFETs, there is a tendency for the chopper 
drive signal to feed through onto the signal being chopped. Again, this prob- 
lem can be minimized by proper circuit design. All of these factors are dis- 
cussed in the following paragraphs. 
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ideal Chopper Two-Junction FET Electromechanical 
Characteristics Relay 
Infinite life good good poor 
Infinite frequency good good poor 
response 
Infinite oFF fair good good 
resistance 
Zero ON fair poor good 
resistance 
zero driving— power fair good fair 
consumption 
Zero offset poor good good 
voltage 
Zero feedthrough fair fair good 


- between the driving 
signal and signal 
being chopped 


Small size good good poor 


Figure 7-2. Comparison of available chopper devices with an ideal 


7-2. TWO-JUNCTION TRANSISTOR CHOPPERS 


If a common-emitter transistor switch (Fig. 7-3) is in the ON 
state, but the collector current is near zero, the collector-emitter voltage will 
not be zero. It is this offset voltage that most seriously limits the performance 
‘of two-junction transistors in chopper circuits, The circuit that follows the 
chopper will not be able to distinguish between the offset voltage and signal 
levels of comparable magnitude. 

“In the oFF state, the transistor will not be an ideal open circuit, but will 
appear as a current source. This offset current can induce a voltage in the load, 
again masking signal levels of comparable level. 

The design problem is one of eliminating, or more realistically, reducing, 
‘the offset voltage and offset current. The most popular technique is to use 


Signal 
to be 
chopped 


Collector- 
: F emitter 

Figure 7-3. Common-emitter voltage 
transistor switch.showing effect 


‘of collector-emitter voltage (as 


an offset. voltage and offset | | | | L 
current source) = 
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common-collector, or inverted, operation rather than common-emitter. (By | 
inverted connection it is meant that the control signal or drive signal is — 
applied between base and collector, instead of between base and emitter.) 

The common-collector versions of shunt and series chopper circuits are. | 
shown in Figs. 7-3 and 7-4, respectively. The pulse transformer shown in | 
Fig. 7-4 is required to avoid biasing the output signal with the chopping ) 
signal. The electrostatic shield reduces capacitive coupling of switching | 
transients through the transformer to the load. . 

In the ON state of the series chopper (Fig. 7-4(b)), the voltage appearing 
across the transistor is not zero. Instead, the voltage is the equivalent of — 
Vic and i,r!. This voltage represents a minimum limit for the size of the | 
signal (e,) that can be supplied to the load. 

In the orF state (Fig. 7-4(c)), the transistor appears as a current source, | 
I,; shunted by the leakage resistance across the emitter junction. It is the 
flow of J, through the load, R,, that gives an offset during the OFF state. 

In the transient states between ON and OFF, the transistor base is coupled | 
to the emitter and collector by junction capacitance. For example, assume | 


Figure 7-4. Basic two-junction 


=. transistor series chopper circuit 
(c) Equivalent oFF circuit (Courtesy Motorola) 
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that the orF bias from collector to base is 6 V (the chopping signal is 12 V 
peak-to-peak at the transformer). When the chopping signal suddenly swings 
12 V to the —6 V on value, the junction capacitance tries to pass this 12-V 
transient. The actual value of the transient that appears at the collector will be 
a. function of current limiting in the circuit. However, this transient can be 
significant. A similar situation appears during the turn-off switching time. 
To summarize, the disadvanteges of either the shunt or series choppers 
include (1) offset voltage, (2) offset current, and (3) transient feedthrough. 


7-2.1. Practical Two-Junction Chopper Circuits 


While the series chopper of Fig. 7-4 might be satisfactory in 
some noncritical applications, the demands of more sophisticated systems 
require reduction of offset errors. The series-pair chopper circuit of Fig. 7-5 
is designed for this reduction. 


Q; Q2 


(c) Equivatent oFF circuit 


Figure 7-5 Basic two-junction series-pair chopper circuit (Courtesy 
Motorola) 
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As the equivalent on circuit (Fig. 7-5(b)) shows, each transistor contri- | 
butes an offset voltage, but the voltages are of opposite polarity and tend to | 
cancel. If a very tightly matched pair of transistors is used, the effective offset 
voltage will be almost zero. That is, for an input voltage, e,, of 0, the output, — 
e,, will be 0. 

The OFF equivalent in Fig. 7-5(c) shows that the offset currents are oppos- | 
ing. Thus, the net offset current through the load will be the difference be- | 
tween J,,, and J,,. Again, a tight match will yield a zero difference, or a zero | 
offset current error. While it might be possible to find closely matched pairs | 
at 25°C, the match may degrade with age and temperature. Thus, a drift error | 
will appear. The drift problem is discussed in later paragraphs of this section. | 

Figure 7-6 shows an improved version of the series-pair chopper. The | 
diode D, prevents the collector-base junctions from becoming reverse- — 
biased. This will eliminate the orF leakage currents. The diode itself will have 
some leakage, but this is passed by R,, rather than the transistors. The small 
capacitor C, forms a capacitive divider with the transistor junction capaci- | 
tance. This helps suppress feedthrough transients. _ 

The improvements in Fig. 7-6 are not without disadvantages. The zero 
off-bias mode and capacitive divider circuits will both tend to increase | 
switching times. A tradeoff between speed, leakage, and feedthrough must be | 
made. 

Another circuit designed to reduce the effects of offsets is the series-shunt | 
chopper shown in Fig. 7-7. The chopping signal is so coupled that while the | 
series device is ON, the shunt device is OFF and vice-versa. These two states _ 
are shown in the equivalent circuits of Figs. 7-7(b) and 7-7(c). 


Figure 7-6 Two-junction modified series-pair chopper circuit (Cour- 
tesy Motorola) 
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(a) Series-shunt chopper circuit 


iy ‘ 
'bt lot &p 


(c) Q, oFF, Q@; on equivalent circuit 


Figure 7-7 Two-junction series-shunt chopper circuit (Courtesy 
Motorola) 


If the devices are tightly matched, the voltage across R, (exclusive of 
signal voltage) will be constant. Therefore, the capacitive coupling of this 
voltage will result in no offset appearing at e,. Again, a loss of match due to 
age or temperature drift can result in some offset appearing at e,. A control 
of drift offset and feedthrough of transients can be achieved by lowering R,. 
However, this is not always practical. 

In the circuits discussed thus far, it has generally been assumed that the 
impedance of the signal source Ry is low. Under this assumption, any offset 
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4 


Figure 7-8 Two-junction shunt chopper circuit (Courtesy Motorola) 


2D 
iJ —————o od 


voltage due to leakage current flowing through the source impedance is also 
low. There are instances when the source impedance will be high. Under this 
condition, the leakage current-source impedance product may become 
intolerable. 

By using a shunt chopper with zero off-bias, thé J,R, product can be 
eliminated. Figure 7-8 shows such a circuit. During the orF time, the tran- 
sistor looks like a pure resistance of high value. Thus, no leakage flows. 
However, the presence of an offset voltage during the ON time will result in an 
offset error in e,. This can be removed by introducing a complementary offset 
later in the system, or by one of the two techniques shown in Fig. 7-9. 

In Fig. 7-9(a), diode D, is ON during the orF time of the transistor. The 
potentiometer can be used to introduce a small voltage equal to the offset 
voltage during the transistor ON time. The average d-c voltage at the emitter 
(exclusive of signal voltage) is, therefore, constant. 

In Fig. 7-9(b), diode D, conducts at the same time as the transistor. In 
this case, the diode feeds a small reverse current through the transistor. The 
voltage drop caused by this current opposes the offset voltage. By properly 
adjusting the potentiometer, enough current can be introduced to cancel the 
offset. 


7-2.2. Drift in Chopper Circuits 


There is no guarantee that adequately-compensated chopper 
circuits will remain so as time passes and temperature changes. However, the 
effects of drift can also be minimized. When matched devices are being used 
for complementary compensation, it is reasonable to assume that. device 
processing controls are tight enough that device matching with aging will be 
adequate. 

Drift with temperature can be minimized by proper design. The degree of 
shift will, in general, be a function of temperature and drive. By testing the 
device over the desired operating temperature range for several levels of drive, 
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Figure 7-9 Two-junction shunt chopper circuits with offset voltage 
compensation (Courtesy Motorola) 


the drive current for minimum temperature coefficient of offsets at the refer- 


ence temperature can be determined. 
Then, by designing the chopper drive circuitry to match the optimum 
drive level, minimum temperature drift for the device being used is obtained. 


7-3. FETS AS CHOPPERS AND SWITCHES 


Field effect transistors make excellent switches and choppers 
for a multitude of applications, such as modulators, demodulators, sample- 
and-hold systems, mixing, multiplexing or gating, and many more. 
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One advantage with the FET is the absence of inherent offset voltage 
found in two-junction transistors. This is because the conduction path be- 
tween drain and source is predominantly resistive. In both JFETs and MOS- 
FETs, the conduction channel is either depleted or enhanced by controlling 
an induced field. 

In any type of FET, there is an exceptionally high ratio of OFF resistance 
to ON resistance for the drain-source channel. The resistance can be as low 
as several ohms in the ON condition. This results in a very low voltage drop 
(very low offset voltage). The resistance can be higher than thousands of 
megohms in the oFF condition, resulting in very little offset current flow. 

The extremely high d-c gate input impedance of an FET is also an advan- 
tage since little control power is required. In JFETs, the control signal looks 
into a reverse-biased diode. For MOSFETs, the gate insulation is a high- 
resistance oxide or nitrite. Thus, the impedance is set by the properties of the 
insulation layer. 

The main limitation of FETs used as switches is the capacitance between 
the gate and drain, and gate and source. This capacitance feeds through part 
of the gate control voltage to the signal path. These capacitances are detri- 
mental to high-frequency signal isolation, and also impose a limitation on 
response times. 


7-3.1. FET Characteristics Applicable to Analog Switches 
and Choppers 


Figure 7-10 shows the ohmic region of an FET expanded for 
both positive and negative values of Vp,. In the ohmic region, when the FET 
is fully on, there is a linear relationship between drain current J, and drain- 
to-source voltage Vp. The magnitude of this resistance can be changed by 
varying the gate-to-source voltage V5. It is in the ohmic region that the FET 
is useful for both the chopper and analog switch applications. 

As shown in Fig. 7-10, to stay in the ohmic region, the drain current must 
be kept within narrow limits. In other words, a relatively large value of load. 
resistance R, is required. 

Leakage current Ipiopg) versus temperature for a 3N126 (an N-channel 
JFET) is plotted in Fig. 7-11. A very low value of leakage current is important 
in chopper applications, since this leakage current appears in the output 
circuit and produces an error voltage. 

Iporr) Versus temperature for a 2N4352 P-channel MOSFET is shown in 
Fig. 7-12. Below 100°C the leakage is so low that accurate readings are more 
dependent upon available equipment and measurement techniques than on 
the magnitude of the leakage current. However, the curve of Fig. 7-12 can be 
projected back to room temperature (shown with dotted lines) and an Ipiopp) 
of approximately 0.003 pA is read. 
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Figure 7-10 2N4352 low-level (ohmic region) output characteristics 
(Courtesy Motorola) 
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Figure 7-11 3N126 /pcorr) versus temperature (Courtesy Motorola) 


At room temperatures, surface and package leakage account for con- 
siderably more than Jps, with a resulting room-temperature leakage of about 
0.5 pA. This low leakage current indicates that the OFF voltage error (caused 
by leakage) will be negligible for most chopper and analog switching circuits. 
For an enhancement mode MOSFET, Jp org) is the same as Ips. 

Drain-to-source resistance Rp;, when the FET is ON, is a very important 
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Figure 7-12 2N4352 /porr) versus temperature (Courtesy Motorola) 


characteristic in both choppers and analog switches. Figure 7-13 shows Rps 
versus Vgz for three values of temperature for a 2N4352.° 

On a static basis, there is interest in only two states of the FET; fully on 
or fully orF, The 2N4352 (P-channel MOSFET) needs a negative potential 
of 10 to 20 V to achieve an Rp, minimum, From Fig. 7-13, at Ves = —10 V 
and temperature of 25°C, Rpg is 300 Q. 

Compare this with Fig. 7-14 which shows the same characteristics for the 
MM 2102 (an N-channel MOSFET). Note that for Vg; = 10 V and tempera- 
ture 25°C, Rp, is 100 Q. 
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Figure 7-13 2N4352 drain-source ON resistance (Courtesy Motorola) 
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Figure 7-14 MM2102 drain-source ON resistance (Courtesy Moto- 
rola) 


One reason for this 3:1 improvement-in Rp, is that in the P-channel 
device, the carriers are holes, while in the N-channel FET, the carriers are 
electrons. The mobility of electrons is greater than that of holes, and thus is 
responsible for part of the improvement in Rps. Since a low Rpg is needed in 

the oN condition, the N-channel MOSFET is preferable for chopper and 
analog switching applications. 


Temperature variations. The variation of FET parameters with tempera- 
ture can affect operation of a chopper circuit unless allowance is made for 
such variation in the circuit design. It is important to determine the approxi- 
mate degree to which each parameter can be expected to change with tem- 
perature. Figure 7-15 shows curves of Rpg, I,ss, and Ipiopp) aS a function of 
temperature for a typical MOSFET. 


Capacitance effects. It is very important to know how much capacitance 
must be charged and discharged during transition times. Figure 7-16 shows a 
plot of the small-signal, common-source, short-circuit input capacitance 
C,,,, and reverse transfer capacitance C,,, versus voltage of the N-channel 
and P-channel MOSFETs. There is no appreciable change in either capaci- 

tance with voltage. 
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Figure 7-16 C;,, and C,,, for MOSFETs (Courtesy Motorola) 


JFETs are a different case. Figure 7-17 shows that the capacitance of the 
JFET does vary with voltage (approximately the square root of voltage). 
Figure 7-17 is a valuable design aid in determining the capacitance at a par- 
ticular operating point. 
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Figure 7-17 3N126 capacitance versus voltage (Courtesy Motorola) 


C,,, is the capacitance from gate-to-drain, and is the capacitance that 
‘causes the feedthrough of the control signal to the load. C,,, is the parallel 
combination of gate-to-drain and gate-to-source capacitance C,, and C,,. 

C,, and C,, together form a series capacitance in parallel with R,,. When 
the FET is used as an analog switch, this capacitance will bypass Rp; at high- 
input frequencies. This bypass will therefore limit the frequency at which the 
FET can be used as an analog switch. 

For example, note that the C,,, capacitance is greater than 1 pF at any 
Vos. At a frequency of 100 MHz, the reactance of a 1-pF capacitor is about 
1 kQ. If the Rp, is greater than 1 kQ, the 100-MHz signals will be bypassed 
around Rpg. If the capacitance is increased to 10 pF, the reactance drops to 
about 100 Q. This will bypass most FETs in the oFF condition. 


7-3.2. Basic FET Chopper Circuits 


Both JFETs and MOSFETs can be used in the three classic 
chopper configurations: series, shunt, and series-shunt. 

The series chopper is the most commonly used. The basic circuit, equiva- 
lent circuit, and equations for the series chopper are shown in Fig. 7-18. In 
order to operate in the ohmic region when the FET is on, the drain current 
must be limited to a low value. Generally, a large value of load resistance R, 
is used to limit the current. In the case of a series chopper, a high value of load 
resistance also minimizes the ON voltage error due to Rps. 

The leakage of an FET (and in particular the MOSFET) is low, and the 
resultant OFF voltage error is small. Typically, for a MOSFET chopper with 
R;, at 100 kQ, the orF error is less than a microvolt at room temperature. 

The shunt chopper, shown in Fig. 7-19, performs the chopping function by 
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Figure 7-18 FET series chopper equivalent circuits (Courtesy Moto- 
rola) 


periodically shorting the input to ground. From the ON equivalent circuit, 
Fig. 7-19(b), note that the shunt circuit is advantageous where a large source 
resistance Ry is present. 

The series-shunt chopper, shown in Fig. 7-20, operates on the following 
principle: When Q, is ON, Q, is OFF; conversely, when Q, is OFF, Q, is ON. 
The equivalent ON-OFF circuits are also shown in Fig. 7-20. When Q, is ON 
and Q, is OFF, the output is similar to that of the series chopper, except for the 
small error introduced by the leakage of Q,. 

When Q, is OFF and Q, is ON, the OFF voltage error due to the leakage of 
Q, is reduced since Rp. appears in parallel with R,. This can be seen from 
the OFF voltage error equation. 

However, the leakage current of a MOSFET is quite small, so the series- 
shunt circuit can not be justified for the sake of minimizing the error due to 
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Figure 7-19 FET shunt chopper equivalent circuits (Courtesy Motorola) 


leakage. The series-shunt circuit does have a definite advantage in the area of 
high-frequency chopping. 

In the simple series chopper, when the FET is oFF, C,,, must be discharged 
through the load resistor R,. The relatively long-time constant (C,,,R,) will 
limit the chopping frequency. In the series-shunt chopper, however, every 
time the series device turns OFF, the shunting device is turned ON, and the low 
resistance of Q, will parallel R,. The RC time constant will, therefore, be 
greatly reduced, and the chopping frequency can be increased significantly. 


7-3.3. Effect of Loads on MOSFET Choppers 


Operation of all MOSFET chopper circuits is greatly affected 
by. the magnitude of the source and load resistances, R, and R,. Figure 7-21 
lists the output voltages of the three basic chopper circuits for various com- 
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Figure 7-20 FET series-shunt chopper equivalent circuits (Courtesy 
Motorola) ~ 
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binations of source and load resistances. It is assumed that the input voltage 


Es is | mV, and the drain-to-source resistance Rp, is 100 Q in the on 


condi- 


tion, and 1000 MQ in the orF condition. The gate leakage resistance (typically 
10’? Q, or more) is neglected. The following conclusions can be drawn from 


the data shown in Fig. 7-21. 
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Approximate Output Voltage e@o (yV) 
(Max output 1-mV) 


Source Load Shunt Series Series-Shunt 
Resistance Resistance Chopper Chopper Chopper 
Fig (22) ON OFF ON OFF 
1M 500 1 500 0,000} 
100 k 300 { 900 0.0001 
100 1000 1 1000 0.0001 
O 1000 1 l1OOO =0,0001 
1M 30 ‘On 90 =0.000I 
1M O.1 0.0000! 0.1 0.00005 
100 k 500 0.1 500 0.000) 
100 333 0.0000I| 333 0.00005 


Figure 7-21 Steady-state chopper output voltage for various source and 
load resistances (Courtesy RCA) 


1. Only the series or series-shunt circuit should be used when Rs is less than 
Rosin): 

2. In general, R;, should be high. In any event, R, should be much greater 
than Rops(on)- 

3. R, should always be greater than Rs. 

4. Performance of the series-shunt circuit is equal to or better than that of 
either the series or shunt chopper alone, for any combination of Rs and 
Ry. 


7-3.4. Effect of interelectrode Capacitance on MOSFET 
Choppers 


The interelectrode capacitances of MOSFET choppers have 
their greatest effect as frequency increases. The capacitances are of little con- 
cern at low frequencies. The high-frequency effect of the capacitances is 
shown in Fig. 7-22, which is the a-c equivalent of a MOSFET shunt chopper. 

The input capacitance C,, increases the rise time of the gate driving signal, 
and thus increases the switching time of the chopper. However, this effect is 
not usually a serious limitation because the switching time of the MOSFET 
depends primarily on the input and output time constants. Switching times 
as short as 10 nS can be achieved when a MOSFET is driven from a low- 
impedance source and the load resistance is less than about 2 kQ. 

The output capacitance C,, also tends to limit the maximum frequency 
that can be chopped. When the reactance of this capacitance becomes much 
lower than the load resistance R,, the chopper becomes ineffective because 
XC;,, is essentially in parallel with R, and Rosorr- 


226 Transistor Switches Chap: 7 


Output 


zn Yes Fy 
S 
C, Fos Cas 


=Es Figure 7-22 a-c equivalent cir- 
cuit of MOSFET shunt chopper 
— = (Courtesy. RCA) 


The feedthrough capacitance C,, is the most important of the three inter- 
electrode capacitances because it couples a portion of the gate drive signal into 
the load circuit, and causes a voltage spike to appear across R, each time the 
gate drive signal changes state. C,, and R, form a differentiating network 
which allows the leading edge of the gate drive signal to pass through. The 
output capacitance C,, is beneficial to the extent that it helps reduce the am- 
plitude of the feedthrough spike. 

The effect of the feedthrough spikes can be reduced by several methods. 
Typical approaches include the following 


1. Use of a clipping network on the output when the input signal to be chop- 
ped is fixed in amplitude. 

2. Use of a low chopping frequency. 

3. Use of a MOSFET that has a low feedthrough capacitance (typically a 
fraction of a picofarad). 

4. Use of a gate drive signal that has poor rise and fall times (sloppy square 
wave). 

5. Use a source and load resistance as low as feasible. Of course, low values 
of Rs and R, produce greater error voltages, as discussed in Sec. 7-3.3. 

6. Use of shield between the gate and drain leads. 

7. Use of a series-shunt chopper circuit. 


7-3.5. Practical JFET Choppers 


Figure 7-23 shows a simple, but complete JFET series chopping 
circuit. The maximum chopping frequency is about 200 kHz. The limitation 
is primarily due to the long RC time constant for discharging C,,,C,, through 
the 10 kQ resistors. The time constant can be shortened, and the frequency 
increased, if the 10 kQ resistor is reduced. However, this results in a greater 
voltage drop across the divider consisting of the drain-source resistance and 
the load resistor. . 
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Figure 7-23 Practical series chopper using /V-channel JFET (Courtesy 
Motorola) 


_ The maximum allowable input voltages are +-2 V and —0.4 V. The rea- 
son for these voltage limitations is the ON-OFF requirement of the JFET. For 
the particular N-channel JFET shown (3N126), the on condition is 0 V, and 
the OFF conditions is a V,, greater than 4 V. The ON condition is obtained by 
grounding the gate. When the source (E, supply) starts to go positive, there is 
a negative potential from gate to source. The negative gate-source voltage 
causes Ry, to increase, and the FET starts to turn OFF. 

When the input (source) goes more negative than —0.4 V, the P-N diode 
from gate to source becomes forward-biased, and the FET starts to turn ON. 
Hence, the negative limitation of —0.4 V. 

In addition to these positive and negative input voltage limitations, there 
is a minimum input voltage limitation due to feedthrough spikes in the output 
channel. This feedthrough is caused by C,,, and C,,,, as previously discussed. 
For inputs less than about 10 mV, the feedthrough spikes become an ap- 
preciable part of the output waveform (particularly at high frequencies). 

There are several circuit techniques useful for minimizing these spikes. 
First, the control signal (pulse generator) at the gate can be a sloppy square 
wave. That is, the dy/dt of the input pulse should be kept as low a value as 
possible. Sharp corners on the waveform should be avoided. (A sine wave 
could be used.) Next, a capacitor can be connected across the output to filter 
the spikes. Finally, if a fixed amplitude output is acceptable, a clipper circuit 
can be connected across the output. 


Modified series chopper for large input voltages. When an FET is OFF, 
large negative input voltages may tend to turn the FET on again. The circuit 
of Fig. 7-23 can be modified to get around this input voltage limitation. For 
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Figure 7-24 JFET circuit for large input voltages (Courtesy Motorola) 


example, in order to overcome the limitation of maximum input voltage when 
the FET is turned on, a circuit similar to that of Fig. 7-24 can be used. 

With the Fig. 7-24 circuit, the FET is on, the driver transistor is OFF, and 
a potential of +10 V appears at diode D,. This reverse-biases D,. When the 
input (source) goes positive, the 100-kQ resistor from source to gate makes 
the gate follow in potential as long as the diode does not become forward- 
biased. If the diode D, starts to conduct, a negative potential appears from 
gate to source, and the FET starts to turn OFF. For negative input voltages, 
there is no problem as before, since the gate will follow the source until D, 
avalanches. 

The circuit of Fig. 7-24 also improves the performance when the FET is 
oFF. Under these conditions, the driver transistor is turned ON, and when the 
gate of the FET is at —15 V, the FET will remain ofr for inputs up to —10 V. 

The maximum input voltage of +10 V is a function of the bias voltage. 
The real limitation for the input voltage to this circuit is the source-to-gate 
breakdown voltage. Typical breakdown voltage is 50 V for a JFET (and about 
30 V for a MOSFET). With different values of bias, the input could be in- 
creased to about +22 V (when both positive and negative inputs are ap- 
plied), or to about +44 V (when only positive inputs are used. Approximately 
—6 V is required to keep the 3N126 OFF). 


7-3.6. Practical MOSFET Choppers 


Figure 7-25 shows a practical MOSFET chopper. Note that 
this circuit is similar to that of the JFET circuit in Fig. 7-23. Operation of the 
two circuits is similar. However, since a MOSFET does not have a P-N junc- 
tion at the input, the characteristics of the two circuits are somewhat dif- 
ferent. 
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Figure 7-25 Practical series chopper using N-channel MOSFET 


The maximum chopping frequency of the MOSFET circuit (Fig. 7-25) is 
about 300 kHz, depending on the capacitances of the MOSFET. This limita- 
tion is primarily due to the long RC time constant for discharging C,,, 
through the 10 kQ resistor. The time constant can be shortened and the fre- 
quency increased if the 10 kQ resistor is reduced. However, this results in a 
greater error voltage. 

The maximum allowable input voltages are set by the V,; limits of the 
MOSFET. In addition, there is a minimum input voltage limitation, due to 
feedthrough spikes in the output channel. This feedthrough is caused by 
C,,, and C,,,, aS previously discussed. For inputs less than about 10 mV, the 
feedthrough spikes become an appreciable part of the output waveform 
(particularly at high frequencies). 

As discussed, there are several circuit techniques useful for minimizing 
these spikes. The techniques include sloppy input or control signals, capaci- 
tors across the output, and (if a fixed amplitude output is acceptable) a clipper 
at the output. 


Practical MOSFET series-shunt chopper for high-frequency use. Figure 
7-26 is a series-shunt high-frequency chopper using complementary enchance- 
ment-mode MOSFETs. Using the components shown, the circuit will operate 
satisfactorily at frequencies up to about 5 MHz. An N-channel and a P- 
channel MOSFET are used as the series and shunting devices, respectively. 
This allows one drive circuit for both devices. 

When the series MOSFET is orF, the Rp; of the shunting MOSFET is 
about 200 Q. This value parallels R, to ground, and reduces the net output 
load resistance to about 200Q (the parallel combination of 200Q and 
10 kQ). Thus, the RC time constant is reduced to 2 per cent of its original 
value. 

The circuit of Fig. 7-26 can also be modified to accept large values of 
input voltage, as described in Sec. 7-3.5 (for the circuit of Fig. 7-24). 
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Figure 7-26 Series-shunt chopper for high-frequency applications 
using complementary enhancement mode MOSFETs (Courtesy Moto- 
rola) 


Practical MOSFET series-shunt chopper for low-input voltages. A series- 
shunt chopper capable of low-level chopping is shown in Fig. 7-27. Two N- 
channel MOSFETs with matched C,,, are used in the circuit. The gate drives 
for the pair are produced by a high-current type (or current-mode type) 
astable multivibrator. Refer to Sec. 3-2 of Chapter 3. 

The high-current mode multivibrator drive results in good frequency 
stability. In addition, the complementary outputs are not delayed in time, 
with respect to each other. That is, when one output is turning oFF, the other 
output must be concurrently turning ON. 

By matching C,,,, the feedthrough spikes in the output of the chopper can 
almost be eliminated. Complete elimination of feedthrough spikes is difficult 
to obtain since the turn-on and turn-off characteristics of MOSFETs are not 
symmetrical. 
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Figure 7-27 Series-shunt chopper for low-input voltages (Courtesy 
Motorola) 
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Dual-gate MOSFET chopper circuits. The circuits shown in Figs. 7-28 
and 7-29 use dual-gate MOSFETs in chopper or gating circuits. 

In the shunt choppers of Fig. 7-28, the MOSFET is normally conductive 
so e, is low. A negative gating pulse turns off the MOSFET so that approxi- 
mately 50 per cent of e, appears at the output terminals. The circuit of Fig. 
7-28(a) features an addition control potential V,,. A d-c potential may be 
applied to the second gate, thereby establishing the value of desire channel 
ON resistance, or Ryson). AS an alternative, the second gate can function as 
a “coincidence-gate” to reduce e, to a low value. This requires a positive- 
going pulse applied to gate 2 simultaneously with a positive-pulse to gate 1. 

The circuits shown in Fig. 7-29 function in a manner opposite to those of 
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Figure 7-28 Dual-gate shunt chopper (Courtesy RCA) 
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Figure 7-29 Dual-gate series chopper (Courtesy RCA) 


Fig. 7-28. That is, output voltage appears at e, in the absence of a gating signal. 
Consequently, a negative gating signal reduces the level of e,. The dual-gate 
configuration can be made into an OR-circuit. That is, a negative signal 
applied to gate 2 of sufficient magnitude to override V,, will also reduce the 
level at e,. 

The circuits of Figs. 7-28 and 7-29 show a jumper connected between two 
terminals in the drain-to-ground-return circuits. The circuits assume a peak 
generator level e, of less than 0.2 V. Should the signal exceed this value, it is 
possible that the parasitic “diode” between the drain and semiconductor sub- 
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strate will be driven into conduction and load the signal. This can be over- 
come by connecting a suitable d-c potential in lieu of the jumper, so that a 
positive potential is applied to the drain. The magnitude of this voltage 
should equal or exceed the peak value of the signal from e,. 


7-3.7. FET Analog Switching Circuits 


Most of the information described thus far for FET choppers 
can be applied to FET analog switches. By definition, the analog switch is a 
device that either transmits an analog signal without distortion, or completely 
blocks it off. 

Typically, an N-channel JFET is capable of passing input frequencies up 
to 20 MHz, without appreciable distortion or attenuation. 

The frequency response curves for a 3N126 JFET used as an analog 
switching device are shown in Fig. 7-30. In running these curves, the JFET 
was operated as a switch between a sine-wave input voltage of 0.2 V, and an 
RF voltmeter monitoring the output. Readings of the output voltage were 
taken for two values of load resistance R,. The output was measured both 
with FET ON and OFF. 

For a load resistance R, = 10 kQ and the FET on, the curve shows the 
output to be 2.5 dB down at 20 MHz. The R, = 10-kQ curve for the OFF 
condition shows the output to be 22 dB at 20 MHz, or approximately 20 dB 
of separation between ON and OFF. 

With a 50-Q load, considerable loss is experienced due to the Ry; (ap- 
proximately 500 Q) of the FET. The output is 14 dB down at 20 MHz for the 
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Figure.7-30 Frequency response of 3N126 (Courtesy Motorola) 
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FET turned on, and 40 dB down for the FET turned off, resulting in a separa- 
tion of 26 dB. 

The circuit of Fig. 7-24 can be used as an analog switch as well as a chop- 
per. Such a switch is able to pass an input signal of +10 V, with a frequency 
up to 20 MHz, without appreciable distortion or attenuation. 

Another analog switching circuit using a MOSFET is shown in Fig. 7-31. 
(Of course, the circuit can also be used as a chopper.) The problem of handl- 
ing large positive or negative values of input voltage is solved here in a some- 
what different fashion than for the JFET circuit of Fig. 7-24. 

With the MOSFET circuit of Fig. 7-31, there is no P-N junction to worry 
about since the gate is insulated from the rest of the FET. This eliminates 
the need for a diode at the gate. There are, however, P-N junctions from 
substrate-to-source, and substrate-to-drain. These junctions must not be 
allowed to become forward-biased. One way to accomplish this is to cut off the 
substrate lead and leave it floating. However, since the substrate is connected 
to the package (metal can), this result in quite a bit of pick-up. 

A more practical solution is shown in Fig. 7-31. Here, the substrate-to- 
source junction is coupled with a diode. In turn, the substrate is coupled back 
to ground through a 100-kQ resistor. : 


5.6 kQ 


Gate drive | | + 


-IV Input Fingx *% 20 MHz 
Es (mox) rw + lov 


Figure 7-31 MOSFET analog switch for large input voltages (Courtesy 
Motorola) 
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Figure 7-32 Commutator network using N-channel MOSFETs (Cour- 
tesy Motorola) 


Commutator using FET analog switches. The analog switch can be used in 
a commutator circuit, as shown in Fig. 7-32. Each switch has a three-input 
AND gate in series with the gate drive. In order to turn a switch ON, a positive 
potential is required at the gate. To accomplish this, the three inputs of the 
AND gate must be “true” (at a positive potential). 

Assume that A, is to be sampled. Suppose the logic common is a clock 
signal, that D,, is an order from the control system to sample A,, and D,, 
is a ready signal from the device to be sampled. When all of these conditions 
are true at the same time, switch Q, is turned ON and A, is sampled. The circuit 

of Fig. 7-32 can be modified to accept large values of input voltage. 

In this type of commutating circuitry, where only one channel is turned 
“ON at a time, an error is introduced due to the leakage of the other FET 
switches. Assuming that the leakage is the same for all switches, an approxi- 
mation of the error signal is given by (7 — 1)Ips,Ry.- 


7-4. TRANSISTOR INVERTERS AND CONVERTERS 


Transistor inverters and converters are often used in solid- 
state power supplies. A transistor inverter is a solid-state circuit used to 
change.a d-c input (generally from a battery) into an a-c output. If the a-c 
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output is again converted back to d-c (generally at a higher voltage) the cir- 
cuit is called a converter. 

There are many inverter/converter circuits in common use. The most com- 
mon are circuits using two transistors, and one or two transformers. In addi- 
tion, there are bridge-type inverters that use several transistors (typically four) 
and several transformers (or one transformer with multiple windings). Fur- 
ther, there are special-purpose inverter/converter circuits with such features 
as resistive-coupled transistors, saturable inductors, multivibrator drive, and 
single transistors with single transformers. 

All of these circuits are discussed in this section. We shall concentrate on 
design fundamentals for the most popular circuits. Practical information as 
to the selection or design of transformers is given at the end of the section. 


7-4.1. Basic Transistor Inverter Theory 


The operational theory of a typical transistor inverter can best 
be understood by reference to Fig. 7-33. The circuit shown is that of a two- 
transistor single-transformer inverter using common-emitter connections. The 
transformer B-H curve illustrates the relationship between magnetizing force 
(H) and fiux density (B). The horizontal or H line shows magnetizing force 
(or current flow through the winding). The vertical or B line shows flux 
density. Note that as force (current) increases, flux density also increases, up 
to the saturation points (L-K and M-J). Further increases in current produces 
no further increase in flux density. Typical waveforms for the circuit are also 
included in Fig. 7-33. Note that transistor saturation voltage Vog;.at) 18 not 
to be confused with transformer saturation current. 

Assume that transistor Q, is nonconducting, Q, is conducting, and the 
transformer is saturated at point J on the B-H curve. 

When Q, starts to conduct, the voltage developed across the primary 
windings N, induces voltage in the feedback windings N, such as to rapidly 
drive Q, into saturation, and turn Q, off. When this transition is completed, 
a constant voltage Vp is applied to N,. Voltage V; is the value of Vee, less 
the value of Vegi), OF Vp = Veo — Vexieaty. With a constant Vp applied, the 
flux increases at an approximately constant rate from point J to point K on 
the B-H curve. 

As long as the transformer core remains nonsaturated, magnitization cur- 
rent is small. As saturation (point K) is approached, high magnitization cur- 
rent is required to keep the flux constant. When the reflected load current 
(from N,), plus this sharply increasing magnetization current exceeds the col- 
lector current which Q, can supply, Q, begins to come out of saturation. This 
causes V» to decrease, and Q, to be cutoff, ending the half-cycle. 

As flux in the transformer core collapses from point K to point By, 
voltage is induced in the winding which biases transistor Q, into conduction 
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Figure 7-33 Basic one-transformer inverter circuit and waveforms 
(Courtesy Motorola) 


and initiates the next half-cycle. The operation is similar to the first half-cycle 
except that V, is applied to the other half of the primary, causing a reversal of 
polarity in the induced output-voltage. Transistor Q, conducts until the core 
is driven into negative saturation at point M on the B-H curve. As flux col- 
lapses from M to J, the full-cycle is completed. 


238 Transistor Switches Chap. 7 


It can be seen from the collector-to-emitter voltage waveforms that each 
transistor is subjected (in the off condition) to a voltage approximately twice 
the supply voltage, plus any induced voltage that may occur in the circuit due 
to leakage inductance, etc. Also, the same maximum collector current i, is 
required for switching action whether this current is primarily reflected load 
current (Fig. 7-33(d)), or totally magnetized current (Fig. 7-33(e)). This con- 
dition will obviously limit efficiency at low-output loads. 

Operation frequency of the inverter is determined by the voltage V>, and 
by the saturation characteristics of the transformer core, according to the 
relationship 
V,108 


Frequency (in hertz) = 4B ANT 
s 1 


where: 
B, is saturated flux density in gauss 


A is cross-sectional area of the core in 
square centimeters (cm?) 
N, is the number of turns on one-half of the primary 


7-4.2, Basic Common-Collector and Common-Base 
Inverters 

Figure 7-34 shows the basic common-base transistor inverter, 
using two transistors and one transformer. The characteristics are essentially 
the same as for the common-emitter circuit of Fig. 7-33. However, the com- 
mon-base circuit of Fig. 7-34 is used where the supply voltage is very low. A 
major drawback of the Fig. 7-34 circuit is that the feedback windings N, must 
carry the high current of the emitters. 

Figure 7-35 shows two versions of the common-collector transistor in- 
verter. These circuits are used for high-power PNP transistors where the col- 
lector is connected to the case, and the case is mounted directly on a heat sink. 
In the circuit of Fig. 7-35(a), the feedback N, windings must be much larger 
than the emitter windings N,. The circuit of Fig. 7-35(b) uses an autotrans- 


Figure 7-34 Basic common- 
base inverter circuit (Courtesy 
Motorola) 
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Figure 7-35 Basic common-collector inverter circuit (Courtesy 
Motorola) 


former connection. That is, the transformer has a single primary winding, but 
the winding is provided with feedback taps. 

It should be noted that the common-collector and common-base inverters 
are not in general use. 


7-4.3. Basic Two-Transformer Inverters 


Figure 7-36 shows two versions of typical two-transformer 
inverter designs. Such designs are used for applications where high-output 
power and higher operating frequencies are involved. Two-transformer 
designs also permit frequency control, and more efficient transformation of 
the output voltage. 

Operation of the two-transformer inverters is similar to that of the one- 
transformer design, except that in each two-transformer circuit only a small 
feedback transformer (T, of Fig. 7-36) need be saturated. Output current is 
handled by T,. Since magnetization current of the smaller T, is low, high- 
current levels due to transformer saturation currents are reduced significantly, 
when compared to one-transformer design. Likewise, the transistors need 
not carry the high transformer saturation currents. 

Compare the collector current characteristics of one-transformer (Fig. 
7-33(d) and 7-33(e)) design with those of two-transformer (Fig. 7-36(c) and 
7-36(d)) circuits. With the circuits of Fig. 7-33, the collector current remains 
high with both no-load and full-load, indicating that the currents in one- 
transformer designs are largely transformer saturation currents. In two- 
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(a) Two-transformer inverter with simple output transformer 7, 
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(b) Two-transformer inverter having easily regulated Veg 
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Figure 7-36 Typical two-transformer inverter designs and waveforms 
(Courtesy Motorola) 
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transistor designs, the required current drops to near zero when the load is 
removed. 

In the circuit in Fig. 7-36(a), the large output transformer T, uses a con- 
ventional core material, and the small control or feedback transformer 7, 
uses a special core. Use of a conventional output transformer 7, with normal 
core material permits lower transformer costs, as well as higher efficiency. 

In the circuit of Fig. 7-36(b), the frequency is determined (primarily) by 
the feedback voltage Vz,. This feedback voltage can be regulated to provide 
a constant frequency, or can be changed (by means of a variable R;,) to 
provide variable frequency. 


7-4.4. Basic Single-Transistor Inverter 


Figure 7-37 shows a basic one-transistor inverter circuit. Such 
circuits are useful in low-power inverter applications where lower efficiency is 
of secondary importance when compared to lower initial cost. In the circuit 
of Fig. 7-37, positive feedback, transformer saturation, and switching mecha- 
nism are similar to the two-transistor inverter, except that resetting action is 
caused by capacitor C, rather than by a second transistor in push-pull con- 
figuration. 

In effect, the circuit of Fig. 7-37 is a single-transistor power oscillator. For 
proper operation, R, and C must not overload the oscillator during the 
saturating half-cycle, so that transistor conduction will be maintained until 
the transformer core saturates. Likewise, care must be taken to protect the 
transistor against excessive voltage “backswing” when it is turned off. 


Figure 7-37 Basic one-transis- Ew 
tor inverter circuit 


7-4.5. Basic Driven Inverters 


Figure 7-38 shows the diagram of a basic driven inverter. In 

such circuits, the output power transistor switching is accomplished by a 

multivibrator drive circuit, rather than by feedback from the output trans- 
former. 

Multivibrator drive transistor inverters are used mostly in precision sys- 

tems requiring carefully controlled frequency, waveform, etc., and for load 
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Figure 7-38 Typical driven inverter 


independent systems. Load independent systems are especially attractive in 
the case of reactive loads, and when transient or starting conditions impose 
loads which would cause self-oscillating inverters to shut down or operate 
abnormally. 

The power requirements of the extra multivibrator circuits are largely 
offset by nonsaturation of the output transformer and elimination of the feed- 
back drive. The multivibrator driven inverter is not inherently less efficient 
than a self-oscillating inverter. However, use of the driven power stage as a 
linear amplifier, rather than a saturated switch, will result in high dissipation 
in the transistors, and in low system efficiency. 

For these reasons, the driven inverter is generally used only where preci- 
sion frequency control is required. About the only other application is for 
highly reactive loads. 


7-4.6. Basic Resistive-Coupled Inverter 


; Figure 7-39 shows the basic resistive-coupled transistor in- 
verter. The circuit obtains the required squarewave drive from the transistor 
output by cross-coupled resistor feedback. There are two major drawbacks to 


Ry 


Figure 7-39 Resistive-coupled 
transistor inverter 
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the Fig. 7-39 circuit. First, the circuit is not efficient due to losses in the feed- 
back resistors Ry. Second, the frequency of the inverter is difficult to set and 
maintain. 


7-4.7. Basic Saturable Base Inductor Inverter 


Figure 7-40 shows the basic saturable base inductor inverter. 
This circuit is essentially a simplification of the two-transformer inverter, 
except that the saturating transformer has been replaced by a saturable in- 
ductor connected between the bases of the two transistors. This permits the 
output transformer to have a normal core and normal saturation character- 
istics. 


Figure 7-40 Saturable base 
inductor transistor inverter 


Operation of the Fig. 7-40 circuit is as follows. With transistor Q, con- 
ducting, Q, is driven on by base current /,. This base current is approximately 
equal to (V, — V,,)/R,;. Transistor Q, is biased off by V, through R,. 

The voltage across the inductor is initially V2, which is approximately 
equal to V, + Voz. As the inductor saturates, V4, drops, essentially shorting 
out the feedback circuit. When this occurs, Q, loses its drive and turns off. 

The magnetization current of the transformer then reverses the voltage, 
drives the system over in the opposite sense and brings Q, toward conduc- 
tion, As soon as the inductor comes out of saturation, the positive feedback 
is effective and the second half-cycle is begun. 

Saturable base inductor inverter design is relatively simple, being largely 
determined by the following relationships: V; = V,, R, = Ro, Ip; = Inn = 
(V,; — Vee)/R;, and operating frequency (in hertz) is determined by 


(V; + Voz)10° 
4N AB, 
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where: 
N is the number of turns in the saturable inductor 
A is the cross-sectional area of the saturable inductor core in square 
centimeters (cm?) 
B, is the saturated flux density (in gauss) of the saturable inductor 


7-4.8. Basic Bridge-Type Inverters 


Figure 7-41 shows three versions of the basic bridge-type in- 
verter. Bridge-type inverters are generally used when high-input supply 
voltage exceeds transistor voltage capabilities. Bridge-type inverters were 
popular some years ago when transistors generally could not be operated at 
high voltages. In the circuits of Fig. 7-41, the transistors are never subjected 
to voltages greater than the supply voltage. This is unlike the simple push-pull 
circuits where transistors could be subjected to an instantaneous voltage of 
almost twice the supply. The reduction of voltage applies to all circuits in 
Fig. 7-41. However, in the half-bridge circuit in Fig. 7-41(c), transistor cur- 
rent must double to maintain the original output-power. 

Bridge-type inverters have one serious drawback which must be con- 
sidered. This has to do with the current-voltage excursions of the transistors 
as the circuit switches. If the previously non-conducting side of the circuit 
turns on before the other side is essentially off, high voltage and high current 
may be imposed on the transistors, and the maximum transistor voltage- 
current limits may be exceeded. Also, high transient voltages may be gen- 
erated. 

These problems may be somewhat alleviated by reducing transistor “on” 
drive, by transistor protection against transients, or by compensating base- 
drive networks which retard turn-on of the non-conducting device. One 
possibility is to use a driven bridge having the input waveforms of Fig. 
7-41(d). However, because of these problems, and because present-day tran- 
sistors can withstand relatively high voltages, bridge-type inverters have 
become less popular. 


7-4.9. Basic Series Inverters 


Figure 7-42 shows a basic series inverter. The circuit is es- 
sentially a number of two-transistor inverter circuits connected in series to 
one common transformer. The purpose of this circuit is the same as for 
bridge-type inverters (to reduce maximum voltage drop across transistors). 
This is done by dividing the supply voltage equally among several inverters. 
In the circuit in Fig. 7-42, the voltage is divided between two basic inverters. 
In theory, any number of inverters can be used. Under such conditions, each 
device is required to withstand a voltage approximately equal to: 2V,,/num- 
ber of inverters. 
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Figure 7-41 Typical bridge inverter circuits (Courtesy Motorola) 
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Figure 7-42 Basic series inver- 
ter (Courtesy Motorola) 


The circuit of Fig. 7-42 has some obvious limitations. A special trans- 
former must be designed. Likewise, the circuits and transformer must be 
such that the voltage will divide equally among the series stages. If not, the 
output waveform will be abnormal and efficiency will drop. 


7-4.10. Basic Inverter Specifications 


The following is a list of specifications commonly applied to 
inverters. As is the case with any specification, the more characteristics 
simultaneously required and the tighter the tolerances, the more difficult and 
costly the design will be. 

In the absence of specifications, inverters are generally designed for a 
given input and output, with maximum efficiency. That is, the output should 
be maximum for a given input. 


Input voltage: range and nominal 

Output power 

Output voltage 

Output frequency accuracy 

Regulation of output voltage and frequency ys. load and input voltage 
Load power factor 
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Output waveform 

Harmonic distortion of output, if sinusoidal, vs. load, power factor, input 
voltage 

Overall efficiency vs. loading 

Operating environments (temperature, etc.) 

Size and weight 

Protection required (as against shorted output, reversed polarity input, etc.) 


7-4.11. Inverter Starting Circuits 


In general, the basic circuits discussed thus far will not oscil- 
late readily unless some means is provided to start oscillation. This is espe- 
cially true at full load and low temperature, the most severe starting require- 

ments for resistive loads. The discussion of basic inverter operation assumed. 
that one of the transistors was conducting. The function of the starting circuit 
is to assure this condition. 

' A simple, commonly used starting circuit is shown in Fig. 7-43(a). In this 

circuit, R, and R, form a simple voltage divider to bias the transistors to 
conduction before oscillation starts. 

A good guideline for the base starting bias developed by the circuit of 

Fig. 7-43(a) is to use 0.3 V for germanium transistors, and 0.5 V for silicon. 
The base bias voltage V, can be found by 


V>— icc 
R, + R, 
Since R, occurs in the feedback circuit in series with the base of each cir- 
cuit half, R, must not exceed 


Vez ae Vp 
R; = i 

If R, is set equal to Ry, then R, and R, are uniquely determined for any 
given starting bias. The value of R, may be adjusted if starting characteristics 
are not satisfactory. This straight forward starting technique in Fig. 7- 43(a) 
is advantageous in that only resistor components need be added to the circuit, 
but has the disadvantage of additional power dissipation (which may become 
excessive in high power circuits). 

An improved but somewhat more costly starting circuit using a diode is 
shown in Fig. 7-43(b). This diode circuit requires less dissipation than its 
resistance counterpart and is less temperature dependent. Operation is 
similar to the circuit in Fig. 7-43(a), except that when power is applied to the 
bases in the Fig. 7-43(b) circuit, the transistors are driven negative by full 
supply voltage and oscillation starts rapidly. 
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(a) Simple resistive self-starting circuit with speed-up capacitor 
across Ff, 


(b) Diode self-starting circuit 


Figure 7-43 Starting circuits fortransistor inverters (Courtesy Motorola) 


Inverter loads, such as capacitive filters, starting motors, or incandescent 
lamps may temporarily present extremely high loads during the starting 
period. Starting requirements of such loads are often somewhat simplified by 
using a driven inverter. The driven inverter may be preferable to the circuit 
complications needed to assure self-oscillation. 


7-4.12. Inverter Speed-Up Circuits 


Inverter speed-up circuits improve transistor switching and 
inverter efficiency. Improved switching is especially important at higher fre- 
quencies, as is discussed in later paragraphs. A common speed-up method is 
to add a capacitor to the-circuit. The circuits of Fig. 7-44 usually produce 
improved switching waveforms. 


Out 
(a) Basic common-emitter inverter circuit (b) Cross-coupled feedback capacitors (c) Common-collector inverter with speed-up 
with individual starting ond speed-up as speed-up mechanism for common circuit 
circuitry -emittfer transistor inverter 


Figure 7-44 Speed-up circuits for transistor inverters (Courtesy Motorola) 
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7-4.13. Special Inverter Design Considerations 


In many cases, it must be determined whether circuit modifica- 
tions are desirable and necessary to protect against inverter damage due to 
output overload or short circuit, input transients, input polarity reversal, etc. 

Shorted output causes cessation of inverter oscillation, but intermediate 
overload may cause transistor failure. 

Undesirable collector-emitter voltage spikes caused by input voltage 
transients or high transformer leakage inductance may be prevented by 
Zener diodes connected collector-to-emitter. Despiking may also be accom- 
plished by a series resistor and capacitor across the full primary winding or 
between collector and base of each transistor, but these arrangements slow 
transistor switching. 

If the transistors will not sustain reverse voltages resulting from input 
polarity reversal, protection may be provided by a diode in series with the 
input terminals. Such an arrangement is shown in Fig. 7-45. 


fhe 


Figure 7-45 Reverse polarity 
protection by means of diode D, 
in series with input circuit of 
inverter 


7-4.14, Selecting Inverter Components 


The critical components in any inverter or converter design are 
the transistors and transformers. The transformers may be off-the-shelf or 
special design. The following notes summarize important features to be con- 
sidered in selecting transistors and inverters. 


Transistor selection. The transistor type selected must be capable of maxi- 
mum collector current 7, where 


Ge Sa ain 8 a ne 3 a a 
? Veo (Vec) X overall inverter efficiency 

The transistor must have collector-emitter breakdown in excess of the 
“off” voltage, which is approximately twice the supply voltage Vcc. Also, a 
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margin of safety should be applied to allow for voltage transients from 
leakage inductance, transients of input voltage, etc. Transistor surge rating 
three times supply voltage is a reasonable guideline. The transistor must have 
a sufficiently safe operating area such that operating load lines are well within 
transistor capabilities. 

Inverter transistor power losses limit overall inverter efficiency. Most 
transistor power losses occur during switching. This is shown in Fig. 7-46 
which illustrates typical inverter transistor waveforms for J,, Veg, and 
PU. ex). Switching load lines for inverter transistors and switching power 
losses are summarized in Fig. 7-47. 

Inverter transistor efficiency is maximumized by high gain, low Vega); 
fast switching response, and low leakage in the off condition. Likewise, 
inverter transistors must be capable of the required power dissipation, and 
must have a breakdown voltage BV,,, high enough to sustain feedback re- 
verse bias (or a clamped emitter-base reverse voltage). Unfortunately, each 
of these factors is achieved at some expense to the others, so a tradeoff must 
be considered. 


Transformer selection or design. Inverter transformers can be off-the-shelf 
components or special designs. In later paragraphs, we describe (in practical 
terms) some commercial inverter transformers with regards to winding data, 
etc. Here, we shall discuss theoretical approaches to inverter transformer 
design. 


at 


fon ff 


(a) Low frequency (b) High frequency 


Figure 7-46 Typical inverter waveforms for /c, Vee, Pe(= /e * Vee) 
for transistors of d-c to a-c inverters (Courtesy Motorola) 
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Typical Switching Load Lines for Transistors 


Switching losses for the above load lines are 
given by the foilowing relationships. 
f,= switching time (rise time or fall) 
f = frequency 
1.P,= 2/9 V, Ipatef where peak power occurs at £/3 


2. P2= 1/6 Vp ip tg f where peak power occurs at 4/2 
3.P3= 2/9 Vp/pt.f where peak power occurs at 4/3 
4. Pa = Vp iptef 


Figure 7-47 Summary of transistor switching power loss (Courtesy 
Motorola) 


In a one-transformer inverter, the transformer determines frequency as 
well as output and feedback voltages. To accomplish this with acceptable 
transformer efficiency is the essence of the inverter transformer design prob- 
lem. 

The basic inverter frequency equation of Sec. 7-4.1 can be rearranged to 
find the number of turns for NV, as follows 


m= ("ar~)(ga) 


In this equation, the cross-sectional area A of the core includes allowance 
for the stacking factor of laminated or tape-wound cores. Core selection is 
somewhat arbitrary, but must allow enough turns for good coupling and 
enough window area for the required windings. Also, core selection should 
provide for minimum loss. As a guideline, core losses should be comparable 
in magnitude to resistive losses of the windings. For example, if winding 
resistance losses are 2 per cent, core losses should not exceed 2 per cent. From 
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a practical standpoint, core choice is influenced by cost, size, and weight of 
the overall transformer. 

Tape wound toroids of 50-50 nickel-iron are generally considered as best 
choices for inverter transformer cores. This material has high B,, a square 
hysteresis loop, low core loss, and is little affected by temperature over the 
useful temperature range of transistors. (The term “square hysteresis loop” 
can best be understood by reference to Fig. 7-33. If the flux density versus 
magnetizing force diagram were perfectly square, it would indicate that flux 
density increased in direct proportion to force. In practical core materials, a 
perfectly square loop is not possible since density is never quite directly 
proportional to force.) The use of toroid windings is recommended since 
toroids (when properly wound) give very close coupling. This is very desirable 
in inverter transformers. C-cores and E-, U-, and /-cores of good square loop 
material are also popular. 

Once a tentative core selection has been’ made, the number of turns for 
N,, N,, and N, can be found as follows 


_ Vp X 108 


kV, iy, — kV ea, 
Me Apap Oa Na 


namie aes 2 
where k, and k, are multipliers to compensate for transformer voltage drops 
and losses. As a first trial, let k, = k, = 1.05 to 1.1. 

In determining V, for required output power, it should be noted that for 
a square wave V, = Voyeax = Vems: 

Vy, must be greater than transistor Vg, in the “on” condition, but must 
be less than BV z,o, unless transistor reverse Vg is clamped. With Vz, ap- 
proximately equal to Vz», the circuit performance is highly dependent upon 
transistor and temperature. 

High V, and a series base resistor R, reduces sensitivity to Vz, and fre- 
quently improves transistor turn-off, especially if a speed-up capacitor is used 
across R, (See. 7-4.12). However, losses in R, are directly proportional to 
Vyg. The first trial value for R, can be found by 


Veg — Ver 
Ra -_—_ FB a 

As a guideline for power inverters, a V;, on the order of 3 V will give 
adequate base drive stability and control, without exceeding reasonable dis- 
sipation losses. 

The winding factor is another consideration in transformer core design. 
The ratio of wire area to available window area is the winding factor. A 
winding factor of about 0.4 is considered typical for a toroidal core. The 
factor is increased to 0.7 or 0.8 for cores with rectangular windows. 
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Wire size is usually calculated on the basis of 700 to 1000 circular mils per 
ampere. Keep in mind that duty cycle should be applied when calculating 
winding currents. For example, using the circuit of Fig. 7-33, the N, and N, 
windings have 50 per cent duty cycles, whereas the N, winding has a 100 per 
cent duty cycle. Also, in calculating total winding areas, it must be remem- 
bered that there are two each NV, and N, windings. 

Transformer efficiency is found by 


(watts out) x 100 


Ma (watts out) + (core losses) -+ (copper losses) 


Transformer voltage regulation is found by 
ees Uv) | 


where R, and Ry are resistances of primary and secondary windings. 

Several design attempts may be needed to achieve a core and winding 
combination that will provide the required frequency and voltage relation- 
ships with acceptable efficiency. Commercial transformers for both one- 
transformer and two-transformer inverters are available for a variety of 
standard supply voltage, output voltage, and output power combinations. 
These are discussed in Sec. 7-4.15. 


7-4.15. Practical Transistor Inverter Design 


Figures 7-48, 7-49 and 7-50 are working schematics for three 
converters. These converters operate with d-c inputs of 12 V and 28 V, and 
produce d-c output voltages from 100 V to 500 V. Output current ratings are 
from 1 A to 25 A. Output voltages can be increased or decreased by changing 
the number of secondary turns. If desired, the circuits of Figs. 7-48 through 
7-50 can be used as inverters by omitting the rectifier diodes and filter capa- 
citors at the output windings. 

Note that components are assigned values, type numbers, or winding 
data. The values for these components depend upon the desired output. 
Proper selection of these values, based on the design considerations and 
examples of this section, will provide the desired output power. Other power 
outputs can be produced by means of intermediate values. However, the 
tabulated outputs should provide the designer with sufficient choice for most 
applications. The values tabulated are the nearest standard parts available 
that will meet or exceed the minimum specifications required for the particular 
converter. 


Sec. 7-4 Transistor Inverters and Converters 255 


CR. 
‘ Supply voltoge = |2 V 


Output voltage: 


I5w — 300V 
C 30 w — 300 V 
55 w — 100V 


Power R R No 
rating ; nd 8 s ne turns ae 7, type 
(watts) (2) | (2) me AWG | AWG | AWG 
70 1800] 20 Arnold 


30 j2nio42] 1s | 1500]in2o7i| 4 | 8 | 2000} {50 Bg slid 
ie |*29 | #29 | *500172A 
29 275 6 Mognetics 
55 | 2N456 N 


Figure 7-48 DC-DC converter (15 to 55 W) (Courtesy Texas Instru- 
ments) 


Following are brief descriptions of the various converters to show the 
relationship of circuit function to design problem. 


One transformer converter. When the required power outputs are between 
15 and 55 W, the circuit of Fig. 7-48 is used. Note that only one transformer 
is required. Any voltage imbalance in the circuit causes one of the transistors, 
for example Q,, to conduct a small amount of current. Regeneration turns 
Q, off, and Q, is driven into saturation. The collector current increases. As 
the core becomes saturated, the collector current increases rapidly and is 
limited only by the resistance in the collector circuit and the transistor char- 
acteristics. 

When the core is saturated, the induced voltage in the winding is zero. 
The resulting lack of base drive causes Q, to turn off, and the collector current 
drops to zero. The drop in collector current causes the polarity in all wind- 
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Supply voltage = {2 V 
Output voltage: 
l0O w — 300 V 
150 w — 500 V 
200 w — 300 V 
250 w — 500V 


CR, = iN2O71 
CRo, CRs = IN2069 
CRq = INI8I7 


Paws BiBBEE Bs] ie, a 
(watts) BF | aw | AWG (see text) 
Pre [oe] = [| | [8 
[tse [nse | 2 [75] | 20 | ae | dts ection |*#0808—1 


Figure 7-49 DC-DC converter (100 to 250 W) (Courtesy Texas 
Instruments) 


ings to reverse, therby biasing Q, off and Q, on. When the core approaches 
negative saturation, Q, is turned off, and the current drops to zero, turning 
Q, on. 

Resistors R, and R, are added to place a bias on the bases of both Q, and 
Q,. This bias provides a starting current and reduces the effect of base-emitter 
voltage variations. The frequency of oscillation is determined by the ce of 
transformer T,. 

The secondary output voltage is rectified by the bridge- -connected. diodes 
CR,, and filtered by capacitor C,. 
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1B V tap 


Supply voltage = 28V Output voltage = 300 V 
Output power = 500 w 


CR, = INII26 Q;,@2 = 2N5I4A Rs = 752 
CRe, CRs = |IN2069 Rg = 0.52 Re = 10 2 
CR 4 = INI825 Rg = 0.52 Cy = 40 uF 


T, = Arnold #523302 
N, = 35 turns #20 AWG 
No= 140 turns #24 AWG 
Tz = 440413 -1 (see text) 


Figure 7-50 DC-DC converter (500 W) (Courtesy Texas Instruments) 


Two transformer converters. When the required power output is in excess 
of about 55 W, two transformers are used, as shown in Figs. 7-49 and 7-50. 
However, only transformer T, has a saturable core. Thus, the extra current 
necessary at saturation is small compared to the load current. This allows use 
of a small drive transformer 7, to drive a much larger, relatively inexpensive, 
power transformer T, which steps up the output voltage to the required value. 

When one of the transistors (for example Q,) conducts, the collector 
swings from the supply voltage to near zero (saturation). The voltage builds 
up across the primary of T, and is applied to the primary of 7, through feed- 
back resistor Ry. Transistor Q, is biased off, whereas Q, is biased into con- 
duction. As soon as the core of T, reaches saturation, the increasing current 
causes additional voltage drop across Ry, thus aiding the regenerative action 
(QO, off; QO, on). Transistor Q, continues in this state until reverse saturation 
of the transformer is reached. The circuit then switches back to the initial 
state, and the cycle is completed. 
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The collector current of the conducting transistor rises to the value of the 
load current, plus the magnetizing current of T,, and the feedback current 
needed to produce the drive. The magnetizing current of T, is never more 
than a fraction of the rated load current, since T, is not allowed to saturate. 

Resistors R, and Ry are added to place a bias on the bases of Q, and Q). 
This bias provides a starting current and reduces the effect of base-emitter 
voltage variations. The frequency of oscillation is determined by the design 
of transformer T, and the value of feedback resistor Rp. 


7-4.16. Design Considerations 


The prime consideration in any converter is that the circuit will 
produce the desired output voltage, at a given current, or into a given load 
resistance. The next consideration is the efficiency of the converter (output 
power versus input power). Frequency of oscillation may also be a considera- 
tion in some applications. 

Figure 7-51 through 7-58 show graphs of output voltage, output power, 
frequency, and efficiency, versus load current. As shown, the output voltage 
regulation is less than 7 per cent from half to full-rated current. The output 
power is almost a straight line function of load current. The frequency of the 
circuit in Fig. 7-48 decreases slightly under load. The frequency of the cir- 
cuits in Figs. 7-49 and 7-50 remain almost constant under load. The efficiency 
of all converters is greater than 80 per cent at rated load. 


Voltage Power F %o 
out out (Hz) efficiency 


300 30 Output voltage 600 


Efficiency 


200 20 400 80 
Frequency 


100 10 200 40 


ie) 0 
Oo 10 20 30 40 50 60 70° 
Load current (mA) 

Voltage in = 12 V 


Figure 7-51 15-W converter characteristics (Courtesy Texas 
Instruments) 


Sec; 7-4 Transistor Inverters and Converters 259 


Voltage Power F % 
out out (Hz) ef ficiency 
600 600 
400 400 80 
200 200 40 
10) 0 (@) 
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Load current (mA) 
Voltage in=l2V 


Figure 7-52 30-W converter characteristics (Courtesy Texas 


Instruments) 
Voltage Power F %o 
out out (Hz) efficiency 
120 1200 
80 800 80 
40 400 40 
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Load current (mA) 


Voltage in=12 V 


Figure 7-53 55-W converter characteristics (Courtesy Texas 
Instruments) 
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Figure 7-54 100-W converter characteristics (Courtesy Texas 


Instruments) 
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Figure 7-55 150-W converter characteristics (Courtesy: Texas 


Instruments) 
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Figure 7-56 200-W converter characteristics (Courtesy Texas 


Instruments) 
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Figure 7-57 250-W converter characteristics (Courtesy Texas 
Instruments) 
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Figure 7-58 500-W converter characteristics (Courtesy Texas 
Instruments) 


Use of the these graphs, in conjunction with the schematic and tabulated 
values, is best understood by reference to the following design example. 


7-4.17. Design Example 


Assume that the circuit in Fig. 7-49 is to provide 200 W of 
output power. The output voltage must be 300 V, with 12-V input. The fre- 
quency is 400 Hz. 


Converter efficiency. A converter efficiency of 80 per cent is assumed > 
(from the graph in Fig. 7-56). The necessary input power is 


. __ power output 200 
Power input = sheen. 0.8. — 250 W. 


Collector current. The collector current of each transistor is given by 


Collector current = _power input _ == 230 =20.8A 


supply voltage —-:12 


Transistor characteristics. The transistors must be selected on the basis of 
maximum collector breakdown voltage and maximum collector current 
(20.8 A, or greater, for safety). Each transistor, during its off time, is sub- 
jected to approximately twice the supply voltage or (2 x 12) 24 V. The recom- 
mended transistor type is 2N513, as shown in Fig. 7-49. 
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Base current. The base current of each transistor is 


Base current = collector current = 20.8 = 104A 


minimum £ 20 


Note that minimum (at the rated collector current) is obtained from the 
2N513 datasheet. 


Base drive voltage. The base-emitter drive voltage is made equal to twice 
the maximum base-emitter voltage shown on the transistor datasheet. This 
reduces the effect of variation in base-emitter voltage among transistors. The 
maximum base-emitter voltage for a 2N513 is 2 V. Thus, the base-emitter 
drive voltage is 4 V. 


Base drive power. The power required for base drive is given by 
Base drive power = 4 x 1.04 = 4.16 W 


Drive transformer 7 , efficiency and power input. A 90 per cent efficiency is 
assumed for the drive transformer T,. Thus, the power supplied to the primary 
of T, is 

base drive power 4.16 


; : 4, 
Primary drive power = —Seiiciency 0 4.6W 


Turns ratio. The turns ratio of the drive transformer is chosen as 4:1. 
Since the required base drive voltage is 4 V (at the secondary of T,) the pri- 
mary voltage of 7, is 16 V. 


Drive transformer 7, primary current. With a primary power input (pri- 
mary drive power) of 4.6 W, and a primary voltage of 16 V, the primary cur- 
rent of T, is 4.6/16 or 287 mA. 

The design considerations discussed thus far establish the characteristics 
necessary to order (or construct) drive transformer T,. These characteristics 
are available with the transformer tabulated in Fig. 7-49. 


Power transformer 7, characteristics. The characteristics for ordering (or 
constructing) transformer 7, are given in Fig. 7-59. The following notes 
should also be considered. The input impedance of 7, (at the operating fre- 
quency) should be approximately 40 times the load resistance. The core loss 
at the rated load is approximately 5 per cent of the total power output. The 
primary and secondary winding losses are approximately 1 per cent of the 
total power output. 


Base resistors. The value of R, is chosen to drop approximately half of 
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Figure 7-59 Schematic and transformer core for 72 


the 4-V drive voltage. The value of Ry is made as large as possible to provide 
some starting current, yet keep losses at a minimum. 


Feedback resistor. The value of R, is chosen to drop the necessary voltage 
to give 16 V across the primary of 7, at the rated load. 


8 OSCILLATOR 
CIRCUIT DESIGN 


Virtually all of the classic vacuum tube oscillator circuit 
designs can be duplicated with transistors. In addition, there are a number of 
circuits where transistors are superior. Likewise, certain types of transistors 
are particularly well suited to specific oscillator circuits. In this chapter, we 
shall discuss the design of those transistor oscillator circuits which have 
proved their value over the years. 

The main concern in any oscillator design is that the transistor will 
oscillate at the desired frequency and will produce the desired voltage or 
power without damage. Most transistor oscillator circuits operate with 
power outputs of less than 1 W. Many transistors will handle this power 
dissipation without heat sinks. 


8-1. LC AND CRYSTAL-CONTROLLED OSCILLATORS 


LC oscillators are those that use inductances (coils) and 
capacitors as the frequency-determining components. Typically, the coils and 
capacitors are connected in series- or parallel-resonant circuits, and adjusted 
to the desired operating frequency. Either the coil or capacitor can be 
variable. LC oscillators are used at higher frequencies (RF). Both the classic 
Hartley and Colpitts oscillators can be implemented with transistors. How- 
ever, the Colpitts is generally the most popular. 

Transistor LC oscillators can be crystal-controlled. That is, a quartz 
crystal can be used to set the frequency of operation, with an adjustable LC 
circuit used to “trim” the oscillator output to an exact frequency. In addition 
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Figure 8-1. Basic MOSFET Hartley oscillator circuits 


to the Hartley and Colpitts, there are a number of other crystal oscillator 
circuits suitable for transistors. These include the Pierce oscillator, harmonic 
or overtone oscillators, and oscillators that use two transistors to provide the 
necessary feedback required for oscillation. 


8-1.1. Basic Transistor LC Oscillators 


Figure 8-1 shows two arrangements of the Hartley oscillator 
circuit. A MOSFET is shown. However, the circuit can also be implemented 
with a JFET or a two-junction transistor. UJTs are not generally suitable for 
LC oscillators. 

The circuit of Fig. 8-1(a) uses a bypassed source resistor to provide 
proper operating conditions. The circuit of Fig. 8-1(b) uses a gate-leak resistor 
and biasing diode. The amount of feedback in either circuit is dependent on 
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the position of the tap on the coil. Too little feedback results in a feedback 
signal voltage at the gate insufficient to sustain oscillation. Too much feedback 
causes the impedance between source and drain to become so low that the 
circuit is unstable. Output from the Hartley circuits can be obtained through 
inductive coupling to the coil, or through capacitive coupling to the gate. 

One problem common to all oscillators is the class of operation. If an 
oscillator is biased class A (with some current flowing at all times), the output 

waveform will be free from distortion, but the circuit will not be efficient. That 
is, power output will be low in relation to power input. 

For the purposes of calculation, input power for a transistor oscillator can 
be considered as the product of collector (or drain) current and voltage. Class 
A oscillators are usually not good for RF and are generally limited to those 
applications where a good waveform is the prime consideration. 

A class C oscillator (where current is cutoff by feedback) is far more 
efficient. This cuts both power and heat requirements. At radio frequencies, 
the waveform is usually not critical, so class C is in common use for RF 
circuits. 

One drawback to class C is that the oscillator may not start in the reverse- 
bias condition. This can be overcome by forward biasing the transistor to 
start the oscillator (start collector or drain current flow). The arrangement can 
be aided by an unbypassed-emitter (or unbypassed-source) resistor. Collector 
or drain current flow will build up a reverse bias across the resistor. 

A particular problem with this bias scheme is that too much reverse bias 
may cause the transistor to cut off during the “on” half-cycle. A “variable 
bias” can be used to overcome this problem and maintain correct bias rela- 
tionships. 

- With two-junction transistors and JFETs, the variable bias charge is 
obtained by rectifying part of the oscillator signal and filtering the bias, using 
a large value capacitor. With such transistors, the base-emitter or gate-source 
“diode” junction serves as the rectifier, with the coupling (feedback) capactior 
serving as the bias filter (to retain the correct bias charge during the “ton” 
cycle). With MOSFETs, no “diode” exists, so external components are used, 
as shown in Fig. 8-1. 

Because the bias is variable (changes with the amplitude of the oscillator 
signal), the capacitor charge must also change. If the capacitor is too small, 
the oscillator may not start easily, or there will be distortion. If the capacitor 
is too large, the charge changes slowly, and the oscillator operates intermit- 
tently as a blocking oscillator. 

To sum up, if the selected transistor is capable of producing the required 
power at the operating frequency, and the correct component values are 
selected for the resonant circuits, the only major problem in oscillator design 
is the correct bias point. Often, this must be found by trial-and-error test of 
the circuit in breadboard form. 
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In the design examples described in later paragraphs of this section, the 
class of operation is set by the amount of feedback, rather than the bias point. 
That is, the transistor is biased for an optimum operating point, and then 
feedback is adjusted for the desired class of operation. 

Figure 8-2 shows a MOSFET used in two forms of the Colpitts oscillator 
circuit. Again, either two-junction transistors or JFETs can be used. Colpitts 
circuits are more commonly used in VHF and UHF equipment than the 
Hartley circuits because of the mechanical difficulty involved in making the 
tapped coils required at high frequencies. Feedback is controlled in the 
Colpitts oscillator by the ratio of capacitance C’ to C”’. 

LC radio frequency oscillators require resonant circuits for their opera- 
tion. Therefore, all of the design considerations of Chapter 6 apply to the 
resonant circuits for LC oscillators. Likewise, the design considerations of 
Chapter 6 should be studied when RF oscillators are to be used with fre- 
quency multiplier and/or power amplifiers. 


Vp 


pe 


Figure 8-2. Basic MOSFET Col- 
pitts oscillator circuits 
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8-1.2. Basic Transistor Crystal-Controlled Oscillator 


Transistors operate officiently in crystal oscillator circuits such 
as the Pierce-type oscillator shown in Fig. 8-3. The Pierce-type oscillator is 
very popular because of its simplicity and minimum number of components. 
No LC circuits are required for frequency control. Instead, the frequency is 
set by the crystal. 

At frequencies below 2 MHz, a capacitive voltage divider may be required 
across the crystal. The connection between the voltage-divider capacitors 
must be grounded so that the voltage developed across the capacitors is 180° 
phase inverted. 

It is frequently desirable to operate crystals in communications equipment 
at their harmonic or overtone frequencies. Figure 8-4 shows two circuits 
designed for overtone operation. Additional feedback is obtained for the 


Vp 


Figure 8-3 Basic MOSFET 
Pierce-type. oscillator circuits 
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Figure 8-4 MOSFET crystal 
oscillator circuits permitting 


monic frequencies 


overtone crystal by means of a capacitive divider as the LC circuit (or “tank”) 
bypass. Most third-overtone crystals operate satisfactorily without this 
additional feedback, but for the Sth and 7th harmonics this extra feedback is 
required. The LC tank in Fig. 8-4 is not fully bypassed and thus produces a. 
voltage that aids oscillation. The crystals in both circuits are connected to the 
junction of the two capacitors C’, and C4. The ratio of these capacitors 
should be approximately 1: 3. 

The circuit of Fig. 8-5 operates well at low frequencies. The crystal is 
located in the feedback circuit between the sources of the two transistors and 
operates in the series mode. Capacitor C, is used for precise adjustment of the 
oscillator frequency. A reduction in C, capacitance increases the frequency 
slightly. 

The practical limit of crystal fundamental resonance is about 25 MHz for 
transistor crystal oscillators. From 20 to 60 MHz, 3rd overtone crystals are 
used. 5th overtone crystals are used for frequencies between 60 and 120 MHz, 
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Operation at overtone or har- |. 
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Figure 8-5 Low-frequency MOSFET crystal oscillator 


and 7th overtone crystals at frequencies above 120 MHz. Usually, 150 MHz is 
the top limit for a transistor crystal oscillator. Multipliers are used above this 
frequency. 

In most transistor circuits, the crystal series-resonant frequency is most 
appropriate. At “overlapping” frequencies, where either a 5th or 7th overtone 
crystal can be used (such as 115 to 125 MHz), the power output is about the 
same for either crystal. Of course, the 7th overtone may present other 
problems, such as more critical adjustments and a tendency to oscillate at the 
5th overtone. 

In general, the oscillator tank is tuned to the crystal overtone. A better 
viewpoint is that the reactive elements of the tank and crystal form a coupling 
network between the transistor output and input, which produces the 
necessary phase shift. The function of the crystal is to introduce an additional 
reactive element capable of causing large phase shift changes for a very small 
frequency change. To maintain the 360° loop phase shift, changes in react- 
ances in the circuit can be compensated for by only tiny frequency shifts, due 
to the extremely high crystal Q, and usually excellent temperature stability. 
Where extreme stability is required, the crystal should be housed in a 
temperature-stable environment (crystal oven). 
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Crystals reduce oscillator efficiency, due to losses in the crystal. These 
losses are represented by their series resistance. Typically, crystal series 
resistance is in the order of 20 to 100 Q. Oscillator efficiency may be increased 
by reducing signal currents in all dissipative elements. Generally, this is done 
by including RF chokes (RFCs) in the transistor element leads. The values for 
such chokes are determined by frequency, as discused in the design examples 
(described in later paragraphs of this section). 


. 8-1.3. Transistor Oscillator Design Characteristics 


Many factors must be considered in the design of stable 
transistor oscillators. In general, all of the characteristics for vacuum tube 
oscillators apply to transistor oscillators. For example, the frequency deter- 
mining components must be temperature stable, and mechanical movement 
of the individual components should not be possible. . 

In each of the circuits of Figs. 8-1 through 8-4, two biasing arrangements 
are shown. One biasing arrangement makes use of a bypass source resistor, the 
other arrangement uses a gate resistor with a biasing diode. Although the 
circuits of Figs. 8-1 through 8-4 show MOSFETs, similar design relationships 
exist for two-junction transistors and JFETs. The following notes and 
illustrations show the effect on circuit performance of the two biasing 
methods. 

Figure 8-6 is a plot of frequency stability versus drain voltage using 
source-resistor bias. Figure 8-7 is a plot of the same conditions but for the 
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Figure 8-6 Frequency stability versus drain voltage for circuits with 
source-resistor bias (Courtesy RCA) 
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circuits using a gate resistor and biasing diode. The plots clearly show the 
effect of various levels of feedback on oscillator stability. Note that the lowest 
practical feedback level is 10 per cent. With either bias method, the best 
feedback level is about 15/per cent. Rarely is more than 25 to 30 per cent ever 
required. Also note that the per cent refers to feedback versus output voltage. 

Figure 8-8 is another plot of frequency stability showing the performance 
of both bias methods at a 15 per cent feedback ratio. Under normal operation, 
the source-resistance biasing method has a slight advantage over the gate 
resistor and biasing diode method. However, if the output voltage regulation is 
of any importance, the gate-resistor-biasing-diode method is superior. 
Figure 8-9, a plot of output voltage versus drain voltage for both biasing 
methods show this condition. 

Figures 8-10 and 8-11 show how frequency is affected when oscillators are 
loaded. Note that with source-resistor bias the oscillator stops functioning at 
lower load levels than when bias is provided by the resistor and biasing diode. 

Figure 8-12 is another plot of frequency stability showing the performance 
of both bias methods operating with different load at a 15 per cent feedback 
ratio. Note that there is very little frequency shift with a 15 per cent feedback 
ratio. 

All of the characteristics illustrated in Figs. 8-6 through 8-12 were 
measured at a frequency of 1.5 MHz, using a tuning capacitor C valued at 
2 pF per meter. If the operating frequency of the oscillators is increased into 
the VHF and UHF regions, the percentage of feedback must also be 
increased to compensate for the additional circuit loading. Likewise, the 
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Figure 8-7 Frequency stability versus drain voltage for circuits biased 
with gate resistor and biasing diode (Courtesy RCA) 
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Figure 8-8 Comparison curves of 15% feedback for source-resistor 
and gate-resistor-biasing-diode methods (Courtesy RCA) 
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Figure 8-9 Output voltage versus drain voltage for the source-resistor 


and gate-resistor-biasing-diode methods (Courtesy RCA) 
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Figure 8-11 Frequency-shift versus load for the gate-resistor-biasing- 
diode method (Courtesy RCA) 
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Figure 8-12 15% feedback comparison curves for both biasing methods 
with circuits loaded (Courtesy RCA) 


percentage of feedback must be increased if the tuning circuits are made 
high-C through substantial increase in tuning capacitor value. 


8-1.4. Practical Crystal Oscillator 


Figure 8-13 is the working schematic of a crystal-controlled 
oscillator. This circuit is one of the many variations of the Colpitts oscillator. 
However, the output frequency is fixed and controlled by the crystal. The 
circuit can be used over a narrow range by L, (which is slug-tuned). 

For maximum efficiency, the resonant circuit (C,, C,, L,, and the transis- 
tor output capacitance) should be at the same frequency as the crystal. If 
reduced efficiency is acceptable, the resonant circuit can be at a higher 
frequency (multiple) of the crystal frequency. However, the resonant circuit 
should not be operated at a frequency higher than the 4th harmonic of the 
crystal frequency. 


Bias circuit. The bias circuit components, R,, R,, and R,, are selected to 
produce a given current flow under no-signal conditions. The bias circuit is 
calculated and tested on the basis of normal operating point, even though the 
circuit will never be at the operating point. A feedback signal is always 
present, and the transistor is always in a state of transition. 
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Figure 8-13 Crystal-controlled oscillator circuit design 


With FETs, if temperature stability is of prime importance, the current 
(I) should be at the 0-TC point. With any transistor, the current should be 
set at a value to produce the required power out. With the correct bias- 
feedback relationship, the output power of the oscillator will be about 0.3 
times the input power. 

Typically, the voltage drop across L, and L, is very small, so that the 
collector (or drain) voltage equals the supply voltage. Thus, to find a correct 
value of current for a given power output and supply voltage, divide the 
desired output into 0.3 to find the required input power. Then divide the 
input power by the supply voltage to find current flow. 


Feedback signal. The signal output appears at the collector or drain 
terminal. With the proper bias-feedback relationship, the output signal is 
about 90 per cent of the supply voltage. The amount of feedback is deter- 
mined by the ratio of C, and C,. For example, if C, and C, are of the same 
value, the feedback signal is one-half of the output signal. If C, is made about 
three times the value of C,, the feedback signal is about 0.25 of the output 
signal voltage. 

It may be necessary to change the value of C, in relation to C,, in order to 
get a good bias-feedback relationship. For example, if C, is decreased in 
value, the feedback increases and the oscillator operates nearer the class C 
region. An increase in C,, with C, fixed, decreases the feedback and makes the 
oscillator operate as class A. Keep in mind that any change in C, (or C,) will 
also affect frequency. Thus, if the C,/C, values are changed, it will probably 
be necessary to change the value of L,. 
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As a first trial value, the amount of feedback should be equal to, or greater 
than, cutoff. Under normal conditions, such a level of feedback should be 
sufficient to overcome the fixed bias (set by R, and R,) and the variable bias 
set by R;. As shown in Fig. 8-6 through 8-12, feedback is generally within the 
limits of 10 and 40 per cent, with the best stability in the 15 to 25 per cent 
range. 


Frequency. Frequency of the circuit is determined by the resonant 
frequency of L,, C,, and C,, and by the crystal frequency. Note that C, and 
C, are in series so that the total capacitance must be found by the conven- 
tional series equation. Also note that the output capacitance of the transistor 
must be added to the value of C,. At low frequencies, the output capacitance 
can be ignored since the value is usually quite low in relation to a typical 
value for C,. At higher frequencies, the value of C, is lower, so the output 
capacitance becomes of greater importance. 

For example, if the output capacitance is 5 pF at the frequency of interest, 
and the value of C, is 1000 pF, or larger, the effect of the output capacitance 
will be small. (Transistor output capacitance can be considered as being in 
parallel with C,.) If the value of C, is lowered to 5 pF,.the parallel output 
capacitance will double the value. Thus, the output capacitance must be 
included in the resonant-frequency calculation. 

Transistor output capacitance is not always listed on datasheets. The 
capacitance presented by the output of a transistor (drain-to-source in the 
case of an FET; collector-to-emitter for a two-junction transistor) is com- 
posed of both output capacitance and reverse capacitance. However, reverse 
capacitance is usually small in relation to output capacitance, and can 
generally be ignored. : 

When output capacitance is not available on datasheets, it is possible to 
calculate an approximate value of output capacitance from output admittance 
(y,;)) The imaginary part of output admittance (jb,, or j,..) represents 
susceptance, which is the reciprocal of reactance. Thus, to find the reactance 
presented by the drain-source or collector-emitter terminals of the transistor 


at the datasheet frequency, divide jb,, into one. Then find the capacitance that 


will produce such reactance at the datasheet frequency using the equation 


1 


= 6.28F X- 


where C is capacitance, F is frequency, and X; is capacitive reactance found 


as the reciprocal of /b,,. 

Of course, this method assumes that the jb,, reactance is capacitive, and 
that the capacitive remains constant at all frequencies (at least that the 
capacity is the same for the datasheet frequency and design frequency). 

Capacitor C,, can be made variable. However, it is generally easier to make 
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L, variable, since the tuning range of a crystal-controlled oscillator is quite 
small. 

Typically, the value of C, is about three times the value of C, (or the 
combined values of C, and the transistor output capacitance, where applica- 
ble). Thus, the signal voltage (fed back to the source or emitter terminal) is 
about 0.25 of the total output signal voltage (or about 0.2 of the supply 
voltage, when the proper bias-feedback relationship is established). 


Resonant circuit. Any number of L and C combinations could be used to 
produce the desired frequency. That is, the coil can be made very large or 
very small, with corresponding capacitor values. Often, practical limitations 
are placed on the resonant circuit (such as available variable inductance 
values). 

In the absence of some specific limitations, and as a starting point for 
resonant-circuit values, the capacitance should be 2 pF per meter. For 
example, if the frequency is 30 MHz, the wavelength is 10 meters, and the 
capacitance should be 20 pF. Wavelength in meters is found by the equation 


300 


Wavelength = -eauency (MBs) 


At frequencies below about 1 to 5 MHz, the 2 pF/meter guideline may 
result in very large coils to produce the corresponding inductance. If so, the 
2 pF/meter can be raised to 20 pF/meter. 

The value of Z is then selected to match a given frequency using the 
equation 


2.53 x 10+ 
frequency F (in MHz)? x capacitance C (in pF) 


L (in wH) = 


As an alternate method to find realistic values for the resonant circuit, use 
an inductive reactance value (for L,) between 80 and 100 Q at the operating 
frequency. This guideline is particularly useful at low frequencies (below 
1 MHz). 


Output circuit. Output to the following stage can be taken from L, by 
means of a pick-up coil (for low-impedance loads) or coupling capacitor (for 
high-impedance loads). Generally, the most convenient output scheme is to 
use.a coupling capacitor (C;), and make the capacitor variable. This makes it 
possible to couple the oscillator to a variable load (a load that changes 
impedance with changes in frequency). 


Crystal. The crystal must, of course, be resonant at the desired operating 
frequency (or a sub-multiple thereof, when the circuit is used as a multiplier). 
Note that efficiency (power output in relation to power input) of the oscillator 
is reduced when the oscillator is also used as a multiplier. The crystal must be 
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capable of withstanding the combined d-c and signal voltages at the transistor 
input (gate or base). As a rule, the crystal should be capable of withstanding 
the full supply voltage, even though the crystal will never be operated at this 
level. 


Bypass and coupling capacitors. The values of bypass capacitors C, and 
C, should be such that the reactance is 5 Q or less at the crystal operating 
frequency. A higher reactance (200 Q) could be tolerated. However, due to 
the low crystal output, the lower reactance is preferred. 

The value of C, should be approximately equal to the combined parallel 
output capacitance of the transistor and C,. Make this the midrange value of 
C; (if C; is variable). 


Radio-frequency chokes. The values of RFCs L,, L;, and L, should be 
such that the reactance is between 1000 and 3000 Q at the operating frequency. 
The minimum current capacity of the chokes should be greater (by at least 10 
per cent) than the maximum anticipated direct current. Note that a high 
reactance is desired at the operating frequency. However, at high frequencies, 
this can result in very large chokes that produce a large voltage drop (or are 
too large physically). , 


Crystal oscillator design example. Assume that the circuit of Fig. 8-13 is to 
provide an output at 50 MHz. The circuit is to be tuned by L,. A 30-V 
supply is available. The crystal will not be damaged by 30 V and will operate 
at 50 MHz with the desired accuracy. The transistor has an output capaci- 
tance of 3 pF and will operate without damage with 30 V. The desired output 
power is 40 to 50 mW. 

The drain or collector is operated at 30 V (ignoring the small drop across 
L, and L;). The values of R,, R,, and R, should be chosen to provide a current 
that will produce 40 to 50 mW with 30 V at the drain or collector. A 45-mW 
output divided by 0.3 is 150 mW. Thus, the input power (and total dissipa- 
tion) is 150 mW. Make certain that the transistor will permit a 150-mW 
dissipation at maximum anticipated temperature. 

For example, assume that the transistor has a 330-mW maximum dissipa- 
tion at 25°C, a maximum temperature rating of 175°C, and a 2-mW/°C 
derating for temperatures above 25°C. If the transistor is operated at 100°C, 
or 75° above the 25°C level, the transistor must be derated by 150 mW 
(75 x 2mW/°C), or 330 mW — 150 mW = 180 mW. Under these condi- 
tions, the 150-mW input power dissipation is safe. 

With 30 V at the drain or collector, and a desired 150-mW input power, 
the current must be 150 mW/30 V = 5 mA. 

With a 30-V supply, the output signal should be about 24 V (30 x 0.8 = 
24). Of course, this is dependent upon the bias-feedback relationship. 

Asa starting point, make C, three times the value of C, (plus the transistor 
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output capacitance). With this ratio, the feedback signal will be 25 per cent of 
the output, or 6 V (24 x 0.25 = 6). Considering the amount of fixed and 
variable bias supplied by the bias network, a feedback of 6 V may be large. 
However, the 6-V value should serve as a good starting point. 

For realistic values of L and C in the resonant circuit, let C. = 2 pF/meter, 
or 12 pF (50 MHz = 6 meters; 300/50 = 6). 

With C, at 12 pF, and the transistor output capacitance 3 pF, the value of 
C, is 45 pF (12 + 3 = 15; 15 x 3 = 45). 

The total capacitance across L, is 


1 


With a value of 12 pF across L,, the value of L, for resonance at 50 MHzis 


Ane eae 


L (in uE) = Cane a3 


= 0.84 wH 

For convenience, L, should be tunable from about 0.5 to 1.5 wH. 

Keep in mind that an incorrect bias-feedback relation will result in 
distortion of the waveform, or low power, or both. The final test of correct 
operating point is a good waveform at the operating frequency, together with 
frequency stability at the desired output power. 

The values of C, and C, should be 1/6.28 x (50 x 10%) x 5, or 630 pF. 
A slightly larger value (say 1000 pF) will assure a reactance of less than 5 at 
the operating frequency. 

The values of L, through L, should be 2000/6.28 x (50 x 10°), or 6.3 wH 
nominal. Any value between about 3 and 9 wH should be satisfactory. The 
best test for the correct value of an RFC in an oscillator is to check for RF at 
the power supply side of the line, with the oscillator operating. There should 
be no RF, or the RF should be a fraction of 1 V (usually less than a few 
microvolts for a typical transistor oscillator). If RF is removed from the 
power supply line, the choke reactance is sufficiently high. Next, check for d-c 
voltage drop across the choke. The drop should be a fraction of 1 V (also in 
the microvolt range). 


8-1.5. Practical Variable-Frequency Oscillator 


Figure 8-14 is the working schematic of a variable-frequency 
oscillator. This circuit is also one of the many variations of the Colpitts 
oscillator. The circuit is chosen here for maximum stability at frequencies up 
to about 0.5 MHz. Oscillation is sustained by source or emitter feedback 
from the junction of C, and C, (as is the case for the crystal oscillator). 
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Figure 8-14 Variable-frequency oscillator circuit design 


Design considerations. All of the design considerations for the variable- 
frequency oscillator are the same as for the crystal-controlled oscillator (Sec. 
8-1.3), with the following exceptions. 

Generally, C, is made variable to tune across a given frequency range. 
However, L, can be made variable if required. 

The values of coupling and bypass capacitors C,, C,, and C;, (if used) 
should be such that the reactance is 200 Q at the /owest operating frequency 
(when variable capacitor C;, is at full value). Note that capacitor C, and the 
output capacitance of the transistor may add to the C, capacitance. This 
tends to lower the resonant frequency of the L,, C,, C, circuit slightly from 
the calculated value. However, since C, is variable, there should be no 
problem in tuning to a desired frequency. 


Variable-frequency oscillator design example. Assume that the circuit of 
Fig. 8-14 is to tune across a frequency range from about 10 kHz to 60 kHz. A 
30-V supply is available. Thus, the transistor is operated at about 30 V 
(ignoring the small drop across L,). The values of R,, R,, and R, are selected 
to produce the desired operating point current. Assume that the transistor has 
a negligible output capacitance (in relation to C,) at the operating frequency. 
This is generally the case at these lower frequencies (10 to 60 kHz). 

With the collector or drain at 30 V, the power input is determined by the 
amount of current (set by the bias network) multiplied by 30 V. Assume that 
the transistor is an FET and operated at an J, of 1 mA. Under these condi- 
tions, the power input is. 30mW (30 V x 1mA = 30 mW). Assuming a 
typical efficiency of 0.3, the output power is about 9 mW. 
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With a 30-V supply, the output signal should be about 24 V (30 x 0.8 
= 24). Of course, this is dependent upon the bias-feedback relationship. 

Assume that the maximum V; (or V¢s,orpy) is 6 V. Thus, feedback should 
be 6 V or greater. When C, is made three times the value of C,, the feedback 
signal will be 6 V (24 V x 0.25 = 6 V). Considering the amount of fixed and 
variable bias supplied by the bias network, a feedback of 6 V may be large. 
However, the 6-V value should serve as a good starting point. 

For realistic L and C values in the resonant circuit, the inductive reactance 
of L, should be between 80 and 100 Q at the operating frequency. Assume a 
value of 100 Q as a first trial. 

With an inductive reactance of 100 and a low-frequency limit of 10 kHz, 
the inductance of L, should be 100/(6.28 x 10 x 103), or approximately 
2 mH. 

With a value of 2 mH for L,, and a low-frequency limit of 10 kHz, the 
total capacitance of C, and C, (with the variable C, at its high limit) should 
be (2.54 x 10*)/(10? « 2000), or about 0.12 nF. 

With a 24-V output and a 6-V feedback, the value of C, is 0.12(6 + 24)/24, 
or 0.15 wF. The value of C, is 0.15 « 3 = 0.45, which is rounded off to 
0.5 uF. 

Keep in mind that an incorrect bias-feedback relation will result in 
distortion of the waveform, or low power, or both. The final test of correct 
operating point is a good waveform at the operating frequency, together with 
the desired output power. 

The values of C,, Cy, and C; (if used) should be 1/(6.28 x 10 x 10° 
x 200), or about 0.08-~F minimum. A slightly larger value (say 0.1 wF) will 
assure a reactance of less than 200 Q at the lowest frequency. 

’ The values of L, through L, should be 2000/(6.28 x 10 x 10%), or about 
30 mH. At the low currents involved, the 30-mH chokes should present little 
or no voltage drop. 


8-2. RC OSCILLATORS 


RC oscillators are those that use resistors and capacitors as the 
frequency-determining components. Figure 8-15 is the working schematic of 
an RC (resistance-capacitance) oscillator using a two-junction transistor. An 
FET can be used in the circuit of Fig. 8-15. However, as discussed in later 
paragraphs of this section, MOSFETs can be used to special advantage in 
certain RC oscillator circuits. The basic UJT relaxation oscillator described 
in Sec. 8-4 is also. an RC oscillator, of sorts. However, the UJT RC oscillator 
does not produce a sine wave, as do the two-junction and FET oscillators 
described here. 

RC oscillators are used at audio frequencies instead ofithe LC (inductance- 
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Figure 8-15 AC oscillator circuit design 


capacitance) oscillators described in Sec. 8-1. RC oscillators avoid the use of 
inductances which are not practical in the audio-frequency range. Good 
waveforms are produced by RC oscillators since they generally are operated 
as class A. 

The feedback principle is used in oscillators. In the circuit of Fig. 8-15, the 
collector signal is fed back through three RC networks to the base. The time 
constants of the RC network determine the oscillator output frequency. Each 
of the three RC networks shift the phase by about 60°, resulting in a total 
phase shift of 180°. 


8-2.1. Design Considerations for Two-Junction Transistor 
RC Oscillators 


In addition.to the general design considerations of Sec. 8-1, the 
following specific points should be considered. 


Power output. RC oscillators do not have the efficiency of LC oscillators 
because RC oscillators are operated class A. Also, there is considerable power 
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loss in the RC network. Typically, RC oscillators are never more than 30 per 
cent efficient. Generally, power output is not a major design consideration in 
RC oscillators; voltage output is the prime factor. Typically, the voltage 
output is about 30 per’cent of the supply voltage. Thus, the transistor- 
collector-voltage limits (or the available supply) set the maximum output 
voltage. 


Bias requirements. As with any oscillator, there is no true “operating 
point” since there is always some signal being fed back. This presents no _ 
problems with an RC oscillator since it is biased class A and there is some 
current flowing at all times. As a guideline for bias requirements, the collector 
voltage should be approximately one-half the supply voltage when the 
collector current is at mid-point (average, or half way between minimum and 
maximum). 

An emitter resistor is not required since there will always be some reverse 
bias supplied by the feedback signal (at each half-cycle). The base is set to the 
correct voltage by R,. Usually, R, is quite large (typically 0.25 to 0.5 MQ) 
since base current is in the order of 0.1 mA or less. 


Output frequency. The oscillator frequency is determined by the RC time 
constants. To simplify design, the same values are used in all three RC 
networks. Thus, the output frequency is about one-third of the typical time 
constant frequency relationships of 1/(6.28RC), which results in an output 
frequency approximately equal to 1/(18RC). A more exact frequency calcula- 
tion cannot be made in practical design since the transistor capacitance and 
resistance values are added to the RC network. However, the 1/(18RC) 
relationship is satisfactory for trial values. 

If a variable output frequency is required, either the C or R could be made 
variable. However, it is common practice to make the C variable because 
three-section variable capacitors are readily available. Typically, the RC 
network resistors should not exceed about 10kQ. With this value, the lowest 
audio frequency (above 1 Hz) can be obtained with a C of less than 6 uF. 


Transistor selection. The transistor must be capable of oscillating at the 
desired frequency. This presents no particular problem since most RC 
oscillators are used at frequencies below 100 kHz (generally below 20 kHz). 
However, the transistor must have a gain of about 60 at the operating 
frequency to overcome the power loss introduced by the RC networks. 

There is a design tradeoff relationship between transistor gain and the 
collector resistor R, value. If the value of R, is equal to the value of the RC 
network resistors R;, R,, and R;, a transistor gain of about 60 is required. If 
the value of R, is increased to about twice the value of R;, R,, and Rs, the 
required gain can be reduced to about 45. However, an increase in the value 
of R, lowers the operating-point collector voltage, thus lowering the available 
output-voltage swing. 
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If the transistor produces too much gain, resistor R; can be added, as 
shown in Fig. 8-15. As a first trial value, make R, the same value as Rp. 


8-2.2. Design Example of Two-Junction Transistor 
RC Oscillators 


Assume that the circuit of Fig. 8-15 is to provide a.6-V output 
at 60 Hz. The transistor selected is capable of oscillating over the entire 
audio-frequency range. 

With a required output of 6 V, the supply voltage should be 6/0.3, or 20 V. 

The values of R;, R,, and R, should be 10 kQ maximum, and preferably 
nearer half that value. The nearest 10 per cent standard would be 4.7 kQ. 

With the RC network resistors at 4.7 kQ, the values of the network capac- 
itors C,, C,, and C, should be 1/(18 <x 4700 x 60), or approximately 0.2 uF. 

With the RC network resistors at 4.7 kQ, the value of the collector resistor 
R, should be between 4.7 and 14kQ. As a first trial value, use 10 kQ which is 
about halfway between the two limits. 

With R, at 10 kQ, and a supply of 20 V, about 1-mA collector current 
will be required to drop the collector voltage to half (20 V x 0.5 = 10 V; 
10 V/10,000 = 1 mA). 

The value of R, should be adjusted to provide the 1-mA current flow, as 
indicated when the d-c collector voltage is at 10 V. Then the output (a-c) 
voltage can be measured. If the transistor gain is known, the approximate 
value of R, can be calculated. For example, if the gain is 50, the value of R, 
would be 100 kQ. This is found as follows: 1 mA (collector current)/50 = 
20 “A (base current); with 20 V (supply)/20 wA base current), the value of R, 
is 100 kQ. 

As a practical matter, use a variable resistance for R, (arbitrarily 500 kQ). 
Then adjust for the correct voltages and waveforms at the collector output. 

It may be necessary to trade off R, and R, values. As a guide, if the 
waveform is poor, or oscillations are unstable, change the bias by changing 
the value of R,. On the other hand, if the waveform and oscillations are good, | 
but the output voltage is low or high, change the value of R,. 

If the frequency is incorrect, change the values of the capacitors and/or 
resistors in the RC network. This problem usually does not arise when the 
circuit is used as a variable frequency oscillator (where the capacitors are 
made variable). One exception is where a high- or low-frequency limit cannot 
be reached over the range of the variable capacitors. The problem does arise 
when the circuit is used to produce a fixed frequency. It is possible to modify 
the value of one RC network (say the value of R;, Ry, or R;) to change 
frequency. This may result in distortion, however. Likewise, a drastic change 
in only one RC network value. may affect the overall phase shift and result in 
unstable oscillation. 
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8-2.3. Design Considerations for Twin-T RC Oscillators 


Figure 8-16 is the working schematic of a twin-T RC oscillator 
using two two-junction transistors. Such circuits are used at audio fre- 
quencies where a highly stable output at a fixed frequency is desired. In 
addition to the general design considerations of Sec. 8-1, the following 
specific points should be considered. 


Power output. Typically, twin-T RC oscillators are never more than 
about 30 per cent efficient. Likewise, the voltage output is about 30 per cent 
of the supply voltage. Thus, the transistor-collector-voltage limits (or the 
available supply) set the maximum output voltage. 


Bias requirements. Both transistors should be forward-biased so that they 
operate class A. This will insure a good waveform. The base bias for Q, (an 
emitter follower with no voltage gain) is supplied through R,, network 


+ Supply 


Output 


Output voltage = 0.2 x supply 
Output impedance ~ Ars 


Cy Co 


Frequency = SRC where FR = fy=FRo, Ry =0.5A, and C=C, =C2,C3=2C 


Ra Ry+ Re. Rg * 6OR7 
Rg = |OR7 R7 = 50-1002 
R, = R2 =|000F7 Cy =, Co= 
R3= 0.5 A, C3= 2c, 


1 
5 A, x frequency 


Figure 8-16 Twin-7 AC oscillator circuit design 
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resistors R, and R,, and collector resistor R;. As a rule, R, should equal the 
total series resistance of R, and R,. The collector of Q, is connected directly 
to the source, while the Q, emitter is returned through the base resistance of 
Q,. 

Base resistor R, should be approximately ten times the value of R,. 
Transistor Q, should be biased similar to class A. However, considerable 
voltage gain is required to overcome the network loss. Thus, R, (collector) 
should. be approximately 60 times the value of R, (emitter) for maximum 
voltage gain. For a realistic R, value, the value of R, should be less than 100 Q 
(typically 50 Q or the nearest standard). 

Any number of RC combinations could be used to produce the desired 
operating frequency. However, since R, and R, also form part of the bias 
network, design of the RC network should start with these resistors. As first 
trial values, R, and R, should be 1000 times the value of R,. 


Output frequency. The oscillator frequency is determined by the RC time 
constant of the twin-T network. This network is essentially a filter that has a 
sharp null, or balance at the resonant frequency, as determined by F = 
1/(6.28.RC). By decreasing the value of shunt resistor R, slightly from the 
balance point, the output of the twin-T network is a small, in-phase signal 
that is rapidly changing in phase as the balance frequency. When the network 
is adjusted off-balance (the normal oscillating condition) by R,, the approxi- 
mate frequency is found by F = 1/(5RC). 


Transistor selection. The transistors must be capable of oscillating at the 
desired frequency. This presents no particular problem since most RC 
oscillators are used at frequencies below 100 kHz (generally below 20 kHz). 
Both Q, and Q, can be the same transistor type, if convenient. However, Q, 
must have a gain of about 100 at the operating frequency to overcome the 
power loss. 


8-2.4. Design Example of Twin-T RC Oscillator 


Assume that the circuit of Fig. 8-16 is to provide an output of 
60 Hz. The transistors are capable of oscillating over the entire audio range 
with the full supply voltage applied. 

The key design value is the resistance of R,. If the remaining resistor values 
are to be kept within reason, the value of R, should be less than 100 Q. This 
will provide just enough reverse bias to stabilize both Q, and Q,. A much 
larger value will usually provide so much reverse bias that the circuit cannot 
oscillate. 

With R, at 51 Q (the nearest standard value at approximately half of 
100 Q), the values of the remaining resistors are: R, and R, 51 kQ, R; 25 kQ 
(maximum), R, 100 kQ, R, 3 to 3.3kQ, and R, 510Q. 
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With R, and R, at 51Q 


1 


C= = so Tx 105 XO 


= 0.065 pF 


With C, and C, at 0.065 uF, the value of C, should be 0.065 x 2, or 
0.13 wF. 

The critical element of this circuit is the adjustment of R,. Resistor R, 
should always be made variable during the breadboard stage of design, even 
if the remaining resistance values are fixed. The value of R, should be 
increased until the circuit stops oscillating; then reduce the value of R, 
slightly (detuning the RC filter) to allow an increase in the 60-Hz signal to 
sustain oscillation. 

If it is necessary to detune the filter (change the value of R, from the 
non-oscillating point) by a large amount to get stable oscillations, the overall 
circuit gain is too low. This condition can be corrected by decreasing the 
value of R,, increasing the value of R,, or changing the transistor for higher 
gain. 

With the correct value of R, chosen, the oscillations should remain stable 
despite changes in supply voltage (within reasonable limits). Using the values 
described, it should be possible to vary the supply voltage from about 12 to 
28 V, and still maintain stable oscillation. Of course, the output voltage will 
vary with changes in supply. Generally, the output voltage will be about 0.2 
times the supply voltage. However, this ratio does not always remain true. A 
higher percentage (possibly 0.25 or 0.3) can often be obtained by increasing 
the supply, all other factors being equal. 


8-2.5. Design Considerations for MOSFET RC Oscillator 


Figure 8-17 is the working schematic of a MOSFET RC 
phase-shift oscillator. MOSFETs are well suited to RC circuits since no 


Figure 8-17 MOSFET RC 
phase-shift oscillator 
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coupling capacitors are needed between stages (the MOSFET gate acts as a 
capacitor). 

The feedback principle is also used in MOSFET RC oscillators. In the 
circuit of Fig. 8-17, the output (drain) of Q, is fed through three RC networks 
back to the gate of Q,. Each network shifts the phase about 60°, resulting in 
an approximate 180° shift between drain and gate. Since the drain is normally 
shifted 180° from the gate, the RC shift of 180° brings the feedback to 360°, or 
back in-phase to produce oscillation. MOSFET Q, is used as an output 
amplifier. 


Bias requirements. Since both MOSFETs are operated at zero gate 
voltage, the Q-point drain voltage is set by ps, and the values of R, and R;. 
Both R, and R, are made variable. Resistor R, is adjusted to produce 
oscillations with good waveforms. Resistor R, is adjusted to produce the 
desired output swing. Typically, both Q, and Q, should be operated at one- 
half the supply voltage. For example, if Jp;, is 1 mA, and the supply is 30 V, 
both R, and R, should be 15 kQ, thus dropping both drains to about 15 V. 


Output frequency. The oscillator frequency is determined by the RC time 
constant. To simplify design, the same values can be used in all three RC 
networks. However, such an arrangement will create a problem of power loss. 
Each of the RC networks functions as a low-pass filter. If the same values are 
used in all three sections, the signal loss will be about 15 dB through the 
networks. 

Such a loss, combined with the normal loss, could be sufficient to prevent 
oscillation if the voltage gain of Q, is low. The loop gain of any oscillator must 
be at least 1 (or slightly more for practical design). If the gain of Q, is 10 and 
the loss is anything greater than about 8 to 8.5, the circuit will not oscillate. 

The RC network loss problem can be minimized by making the impedance 
of the succeeding network greater than that of the prior network. That is, 
there should be an impedance step-up of a multiple of three as the signal 
passes from the drain of Q, to the gate of Q,. For example, R, should be 
three times that of R,; R; should be three times that of R,. Thus, each RC 
network places very little load on the previous section and keeps loss at a 
minimum. 

There should also be an impedance step-up between the output of Q, 
(set by R,) and the first RC network. As a first trial, R, should be at least three 
times the value of R,. 

The values of C,, C,, and C; must be selected to produce the desired 
operating frequency. The output frequency is about equal to 1/(3RC). A more 
exact frequency calculation cannot be made in practical design since MOS- 
FET capacitance and resistance values must be added to the RC networks. 
However, the 1/(3RC) relationship is satisfactory for trial values. 
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8-2.6. Design Example of MOSFET AC Oscillators 


Assume that the circuit of Fig. 8-17 is to provide an output at 
3.7 kHz. The power supply is 30 V. The output signal is to be the maximum 
possible without distortion. The MOSFETs have a zero gate voltage J, of 
1 mA. 

For maximum output voltage swing, the drains of both Q, and Q, 
should be at one-half the supply or 15 V. 

With 1 mA of J, flowing, the drops across R, and R, should be 15 V. 
Thus, R, and R, should be 15 kQ (15 V/0.001 = 15 kQ). 

With R, at 15 kQ, R, should be at least 45kQ. With R, at 45kQ and 
a 3.7 kHz operating frequency, C, should be approximately 0.002 uF; 
1/3 x 45kQ x 3.7kHz) = 0.002 uF. 

With R, at 45 kQ, R, should be 135 kQ (to get the impedance step-up). 
With R, at 135 kOQ and a 3.7-kHz operating frequency, C, should be approxi- 
mately 7000 pF; 1/(3 x 135kQ x 3.7 kHz) = 7000 pF. 

With R, at 135kQ, R, should be 405kQ. With R,; at 405 kQ and 
a 3.7 kHz operating frequency, C, should be approximately 2200 pF; 
1/(3 x 405kQ x 3.7 kHz) = 2200 pF. 

In practice, after the values have been selected and the components 
assembled, the gate of Q, is monitored on an oscilloscope, and R, is adjusted 
for maximum signal swing without distortion; R, is then adjusted for 
maximum output swing, without distortion, at the drain of Q,. 


8-3. BLOCKING OSCILLATORS 


Both FETs and two-junction transistors can be used as 
blocking oscillators. However, the two-junction transistor is generally used 
for the blocking oscillator. The basic UJT oscillator described in Sec. 8-4 
operates on the relaxation oscillator principle, which is similar to the blocking 
oscillator operation covered here. 

Fig. 8-18 is the working schematic of a blocking oscillator using a two- 
junction transistor. The same basic principles can be applied to FETs 
(particularly JFETs) if desired. 

Note that two versions of the circuit are shown, one with a tapped 
transformer. The blocking oscillator is one of the simplest solid-state oscil- 
lators and operates on the relaxation principle. The transistor is initially 
forward-biased to conduct through the transformer primary winding. This 
causes a signal to be fed back to the base through C,. The base is driven very 
hard in the forward direction, so that C, is rapidly charged through the 
forward-biased emitter-base junction. 

The output pulse at the 7, secondary is generated by the rapid turn-on of 
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Output 


Output voltage (peak pulse) = supply, where 7,=1:1 


T, = 5:1 typical ; 
F 1 eda output voltage” 
requency = > pulse ear ra RET RS 
R,C, power load impedance 
Average maximum 
power = pulse x duty cycle 
dissipated power 
C,= O.1-10 pF 


A,= 0.5 MQ or less 


Figure 8-18 Free-running blocking oscillator circuit design 


the collector current, and the steepness of the pulse wavefront is limited only 
by the leakage inductance of T,. The top of the pulse is flattened by collector 
current saturation. When saturation is reached, the feedback signal drops and 
is no longer able to forward bias the transistor. Capacitor C,, in discharging, 
reverse biases Q, and discharges slowly through R,. The cycle is re-started by 
forward bias. 

The time constant R,C, determines the off-time between pulses and thus 
determines the oscillator frequency. 

The output of a blocking oscillator is similar to that of Fig. 8-19. Blocking 
oscillators are not suited for radio frequencies or an application where a sine 
wave (or anything approaching a sine wave) is needed. However, blocking 
oscillators are excellent sources of the steep wavefront pulses required in 
switching applications. A pulse rise time of 0.1 ws is not uncommon for 
blocking oscillator outputs. 

Blocking oscillators can be used as driven oscillators where a single output 
pulse is produced in response to a trigger pulse. This requires that the 
transistor emitter base be reverse-biased, as shown in Fig, 8-20. With this 
arrangement, the transistor is initially cut off so that a trigger signal moves 
the operating point into the active region just long enough to start a pulse 
cycle. — 
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Figure 8-19 Typical blocking oscillator output waveform 


One of the major advantages of a blocking oscillator is that very little 
current is drawn between pulses. Thus, high pulse currents can be drawn 
from the output for short durations without exceeding the power capability 
of the transistor. 


&-3.7. Design Considerations for Blocking Oscillators 


In addition to the general design considerations of Sec. 8-1, the 
following specific points should be considered. 


Voltage output. If the primary and secondary windings of T, have the 
same number of turns (a 1-to-] turns ratio), the output voltage (pulse peak) 
will be approximately equal to the supply voltage. Generally, the secondary 
winding of 7, has fewer turns than the primary to provide a voltage step down. 

When the untapped transformer version of the circuit (Fig. 8-18) is used 
(where C, is connected to the secondary), the full output voltage will be 
applied to the base during the brief pulse peak. In some cases, this could 
result in damage to the transistor. As a general rule, a 5: 1 turns ratio is used 
so that the output voltage is about 1/5 of the supply voltage. 


Transformer selection. Any transformer can be used with a blocking 
oscillator, provided the primary can withstand the voltage and current, and 
the secondary is at the desired output impedance. There is a momentary 
voltage surge across the primary winding equal to approximately twice the 
supply voltage. Often, special purpose transformers, are designed for use with 
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blocking oscillators. Such transformers are supplied with design data for the 
blocking oscillator circuit. This information should be followed when 
available. 


Transistor selection. The transistor must be capable of oscillating at the 
desired frequency and must be capable of withstanding the full supply 
voltage continuously. The momentary buildup across the transformer 
primary is also applied to the transistor. Thus, the collector may be at about 
twice the supply voltage during the pulse peak. This condition can be cor- 
rected by the addition of diode CR, across the primary, as shown in dotted 
form on Fig. 8-18. Diode CR, must be capable of withstanding twice the 
supply voltage without breakdown. Since any diode will have some leakage, 
as well as some foward voltage drop, the addition of CR, to the circuit can 
result in a drop of the output voltage. 

Current through the transistor and the resultant power dissipation is 
difficult to calculate in a blocking oscillator. As a rough approximation, 
divide the square of the anticipated output voltage (across the transformer 
secondary) by the anticipated load impedance to find the maximum pulse 
power. The average power dissipated by the transistor will then depend upon 
the duration of the pulse in relation to the spacing between pulses. 

For example, assume that the output load impedance is 50 Q, the output 
voltage is 10 V, and the pulse duration is 1 mS with a frequency of 100 Hz. 
The peak power dissipation is 10 V2/50, or 2 W. With 1-mS pulses spaced by 
9 mS, the transistor is on 0.1 of the time. Thus, the average power dissipated 
by the transistor is 2 W x 0.1, or 0.2 W. 


Operating frequency. The operating frequency is determined by the time 
constant of R,C, and is approximately equal to the reciprocal of the time 
constant. The exact frequency is difficult to calculate because both the 
transistor and transformer characteristics can affect the charge and discharge 
function. Also, the supply voltage can have some effect on frequency. How- 
ever, blocking oscillators are fairly stable with respect to power supply 
variations, 

Various combinations of R and C can be used to produce a given time 
constant (and thus a given frequency). However, the following rules should be 
applied. 

The value of C, should be between 0.1 and 10 yF, with the value of R, 
less than 0.5 MQ, for a free-running blocking oscillator in the audio- 
frequency range. 

When a larger value of C is used (with an R of corresponding low value) to 
produce a given RC time constant, the pulse duration will be longer in 
relation to the complete cycle. That is, the on-time (or duty cycle) will be 
longer. This increases the average power dissipation as well as the average 
power output. 
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In practical design, the circuit should be tested in breadboard form using 
the desired transformer, transistor, and supply voltage. The value of C 
should be fixed (at 10 wF for a first trial), and R, should be made variable 
(say a 0.5 MQ potentiometer). Adjust R, to the approximate value required 
to produce the operating frequency. Apply power and observe the waveform 
for amplitude, pulse duration, and frequency. 

If the frequency is incorrect, adjust R, until the desired frequency is 
obtained. 

If the pulse duration is too long (with amplitude and frequency correct) 
decrease the value of C, and increase the value of R by a corresponding 
amount. 

If there is a sharp spike (or overshoot) on either edge of the pulse, connect 
diode CR, across the transformer primary. 


Bias requirements. The free-running version of the blocking oscillator 
(Fig. 8-18) is initially forward-biased through R,. The amount of bias is not 
critical. Once the circuit begins to oscillate, the emitter-base junction is driven 
into full forward bias and full reverse bias by the charge and discharge of C,. 

The driven oscillator version of the blocking oscillator (Fig. 8-20) requires 
a fixed reverse bias on the emitter-base junction. This bias must be less than 


Input Cy q 
trigger 


Output 


Ry 


Reverse 


+ 
bias i Supply 


Output voltage (peak pulse) * supply, where 7, =1:1 


Maximum output voltage” 


ca ee 
Frequency © Ry C; oats load impedance 


Cy O.1—10 pF 
R,*0.5 MO or less input impedance of oscillator 
Average maximum 
power ® pulse x duty cycle 
dissipated power 
Reverse. bias ¥ peak trigger input x 0.5 
4 
am freqx fh 


Figure 8-20 Triggered or driven blocking oscillator circuit design 
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the available trigger source. As a first trial, make the reverse bias vonage 
one-half the trigger voltage. 


8-3.2. Design Example of a Free-Running Blocking 
Oscillator 


Assume that the circuit of Fig. 8-18 is to provide a pulse output 
of 4 V across a 50-Q load using a transformer with an untapped primary. The 
operating frequency is 1 kHz. 

Although other turns ratios could be used, a 5:1 ratio is typical. That is, 
the transformer secondary should have a 50-Q impedance to match the load, 
and the primary should have five times as many turns as-the secondary. The 
primary impedance would be 1250Q; primary impedance/secondary 
impedance = (primary turns/secondary turns)?, or (5/1)? = 25; 25 x 50 
= 1250. 

With a required 4 V at the secondary and a turns ratio of 5: 1, the primary 
voltage is 20 V. Thus, the supply voltage (and the collector voltage) is 20 V. 

With 4 V and 50 Q at the secondary, the secondary current is 80 mA, and 
the maximum power dissipation is 320 mW. 

With a 5:1 turns ratio and a secondary current of 80 mA, the primary 
current (and collector current) is 16 mA. 

If both the transformer and transistor are selected on the basis of the 
maximum voltage, current, and power dissipation calculations, there will be 
ample margin for safety. In practice, the transistor need not be capable of 
dissipating the full 320 mW. About half that value will still provide consider- 
able safety unless the pulse duration approached half the full cycle between 
pulses. Usually, blocking oscillators are operated at 0.1 to 0.2 duty cycles. 
Thus, the true dissipation would probably be more on the order of 32 to 
64 mW. 

The value of C, should be kept between the limits of 0.1 to 10 uF. Since 
the desired operating frequency is 1 kHz, the lower value (0.1 uF) should be 
used as the first trial. With a value of 0.1 wF for C,, the value of R, should 
be: 1/1000 x 0.1 x 10-9), or 10 kQ. 

As discussed, R, must be made variable in the breadboard stage and then 
adjusted for the desired frequency. With the frequency established, check for 
proper waveform, pulse duration, and amplitude. Change the values of C and 
R if necessary. 


8-3.3. Design Example of a Driven Blocking Oscillator 


Assume that the circuit of Fig. 8-20 is to provide a pulse output 
of 10 V across a 50-Q load using a transformer with an untapped primary. 
The circuit is to be driven at a rate of 3 kHz by a trigger pulse of 3 V. The 
trigger source impedance is 15 kQ. The available supply is 20 V. 
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With a 20-V supply and a 10-V output required, the transformer turns 
ratio must be 2-to-1. That is, the transformer secondary should have a 50-Q 
impedance to match the load, and the primary should have twice as many 
turns as the secondary. The primary impedance is approximately 200 Q. 

With 10 V and 50 Q at the secondary, the secondary current is 200 mA, 
and the maximum power dissipation is 2 W. 

With a 2-to-1 turns ratio and a secondary current of 200 mA, the primary 
current (and collector current) is 100 mA. 

As in the case of the free-running oscillator, if both the transformer and 
transistor are selected on the basis of the maximum voltage, current, and 
power dissipation calculations, there will be an ample margin for safety. In 
practice, the transistor need not be capable of dissipating the full 2 W. About 
half that value will still provide considerable safety. 

The value of R, should be approximately 15 kQ to match the trigger 
source impedance. With a value of 15 kQ for R, and a trigger frequency of 
3 kHz, the value of C, should be 1/(3000 x 15,000) or 0.022 wF. Note that 
this is lower than the nominal 0.1 uF low limit for free-running oscillators 
operating the audio range. However, in a driven oscillator the tradeoff should 
be such that the RC values match the driving frequency. 

With a 3-V trigger pulse, the reverse bias should be 3 x 0.5, or 1.5 V. 

The reverse bias should be made variable in the experimental stage and 
then adjusted for the correct operating point. A high reverse bias may prevent 
the circuit from being triggered. A low reverse bias may cause the circuit to 
trigger at the wrong point on the trigger signal, or to be triggered by the 
undesired signals mixed with the trigger source. 

With the reverse bias established at the correct point, check the output 
waveform. Adjust the values of C and R if necessary. 


8-4. BASIC UNIJUNCTION RELAXATION OSCILLATOR 


The relaxation oscillator is the basic building block in most 
unijunction transistor timer and oscillator circuits. Figure 8-21 shows the 
basic circuit along with some typical waveforms. In this section we shall 
discuss the design considerations for selection of the basic component parts in 
the UJT circuit. For a more detailed discussion of UJT oscillator and timer 
circuits, the reader’s attention is invited to the author’s Handbook for 
Transistors (Prentice-Hall, Inc., Englewood Cliffs, N.J., 1976). 


8-4.1. Design Considerations 
The period of oscillation (and thus the operating frequency) of 


the UJT circuit is determined primarily by the values of R, and C,, as shown 
by the equations of Fig. 8-21. It is most practical to start design by selecting 
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Figure 8-21 Basic UJT relaxation oscillator (Courtesy Motorola) 
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a trial value for R, rather than for C,, because R, must meet certain condi- 
tions for the oscillator to operate. If R, is too large, the UJT will never fire; 
if R,; is too small, the UJT will not turn oF. 

These conditions can best be explained by means of the emitter character- 
istic curve of Fig. 8-22. (This curve is not drawn to scale in order to have 
more detail.) 


Selecting emitter resistor R,. The emitter capacitor C, will charge until 
the emitter voltage is equal to Vp. At this point on the characteristic curve, 
peak-point emitter current i, will be flowing, and in order to fire the UJT, the 
value of R, must be small enough to allow a current somewhat larger than 
i, to flow. R, must, therefore, meet the following requirement 


Re < ie VS = Remax) (8-1) 
Tp 
where V, is the applied bias voltage. 
+V, 
Re Re 
Ce R 
1 


V4 NEGATIVE 
RESISTANCE SATURATION 
REGION : REGION 


CUTOFF 
REGION 


Ip V; V; ty Vy I, 
Re, Re, ME 


Figure 8-22 UJT emitter characteristic load lines (Courtesy Motorola) 
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Referring to Fig. 8-22, a load line intersecting the characteristic curve in 
the cutoff region, as illustrated by load line 1, would keep the UJT from ever 
firing. Therefore, R, must be small enough to keep the UJT in the negative 
resistance region. 

By keeping R, smaller than Reimaxy, the UJT will turn on, and C;, will 
discharge through the emitter. Hower, if R, is too small, and an emitter 
current larger than the valley current J, flows, the UJT will not turn OFF. 
Under these conditions, the UJT will operate in the saturation region, as 
illustrated by load line 2 in Fig. 8-22. The minimum R, that can be used in 
order to assure oscillation is set by the following condition 


R;z > Exaty = Renin) (8-2) 


v 


where V,, is the applied bias voltage. 

An emitter resistance R, is selected to meet the requirements in Equations 
8-1 and 8-2 will result in a load line that intersects the characteristic curve 
somewhat in the negative resistance region. This is illustrated by load line 3 in 
Fig. 8-22. 

In a practical UJT oscillator, the emitter voltage variations in the neigh- 
borhood of the valley point are small. Thus, in order to assure turn-off, the 
value of R, should be two to three times larger than Romig), but less than 


Remax) Z 


Selecting emitter capacitor C,;. The value of capacitor C, is determined by 
the desired period (or frequency) operation. The equation for C, shown on 
Fig. 8-21 is very approximate since it does not take into account the ON and 
OFF times of the UJT, or other characteristics of the circuit such as source 
voltage (V,), emitter to Base 1 voltage drop (V,), valley voltage (V,) standoff 
ratio, or interbase voltage (Vy.,, or, simply V,,). However, the period 
equation in Fig. 8-21 for C, is accurate enough for a first trial value. 


Selecting Base 1 resistor R,. The primary function of R, (in Fig. 8-21 or 


8-22) is to provide an output load for the oscillator. In some applications, R, 
is included to provide a path for the interbase current. Such a path is neces- 
sary in some circuits to prevent current from flowing through a device being 
driven by the UJT oscillator (such as an SCR or other thyristor). 

Typically, R, is less than 100 Q, but could be as high as 2 or 3 kQ in some 
applications. 

When R&, is selected on the basis of a current path for an external device, 
a maximum voltage drop is usually specified. For example, if the UJT 
oscillator is to trigger an SCR (from an output pulse across R,), and the fixed 
SCR voltage must not exceed 50 mV. Assuming a 2.5-mA interbase current, 
and the 50-mV maximum voltage drop, the value of R, would be 20 Q. 
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When R, is selected on the basis of output voltage, which is usually the 
case, a minimum output voltage is usually specified. For example, if the UJT 
oscillator is to trigger an SCR or other device, and the SCR requires a 
minimum of 3 V for the trigger, the peak drop across R, must be 3 V. 

Figure 8-23 is provided to show the peak voltage across R,, as a function 
of C,, for various (typical) values of R,. These are minimum peak values. In 
practice, the peak output across R, will usually be 25 to 40 per cent higher. 
The values shown are for a supply voltage of 20 V. The peak amplitude at 
other values of supply voltage V, can be obtained by multiplying the values 
from Fig. 8-23 by the factor shown. 

For example, if the supply voltage is 25 V, the peak output for an R, of 
10 Q and a C, of 1 uF is about 4.2 V. This is found as follows: the curve of 
Fig. 8-23 shows a minimum output of 3 V for an R, of 10Q, and a C, of 
1 wF. Using the correction factor for 25 V of approximately 1.4, (25 — 6)/14, 
the approximate minimum output voltage is 1.4 x 3 V = 4.2 V. 


Selecting Base 2 resistor R,. The primary function of R, (in Fig. 8-21 or 
8-22) is to provide temperature compensation. Practically all UJT character- 


PEAK VOLTAGE SUPPLY VOLTAGE (V))=20 VOLTS |p -1g99 
ACROSS R, VOLTS | AMBIENT TEMPERATURE =25°C |’ 


0.01 Ol 1.0 10 
CAPACITANCE, Ce ~pF 
Correction factor for voltages other than 20 V: 


Supply Voltage — 6 
14 


Figure 8-23 Peak output voltage across A, in UJT trigger circuit 
(minimum values) (Courtesy General Electric) 
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istics are temperature dependent, some more than others. The interbase 
resistance and emitter reverse current increase, whereas the peak and valley 
voltages (and currents), the intrinsic stand-off ratio, and the junction diode 
drop decrease with increasing temperature. 

Generally, oscillator frequency is the main factor affected by the tem- 
perature variations. However, output voltage can also be affected and is of 
some concern in many applications. 

If R, is properly selected, the peak point voltage V, can be made to vary 
less than 1 per cent over a 50°C temperature variation. The value of R, can be 
selected by using either the equation, or the curves of Fig. 8-24. 

The curves of Fig. 8-24 show frequency variation as a function of tem- 
perature for a typical UJT. Temperature curves for several values of R, 
ranging from 250 Q to 3 kQ are shown, and an R, of approximately 1.5kQ 
can be seen to compensate very well from —S5°C to +85°C. A smaller 
resistance should be used for operation below —5°C. 

The equation of Fig. 8-24 can be used for a somewhat more accurate 
“optimum” value of R,. The equation takes into account source voltage, 
interbase resistance, and standoff ratio. Keep in mind that both the curves 
and equation of Fig. 8-24 are for trial values. Also keep in mind that an 
increase in R, value will decrease interbase voltage. As discussed, this increases 
frequency, but decreases output voltage (all other factors being equal). 


f (NORMALIZED) 


AMBIENT TEMPERATURE (°C) 


Ro = 0.015 X Vy X Rag x STANDOFF RATIO 


Figure 8-24 Frequency versus temperature for a UJT relaxation 
oscillator where frequency is normalized to 25°C, and Az is a variable 
parameter (Courtesy Motorola) 
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Chopper 207 
drift 214 
dual-gate 231 
FET 215, 221 
high-frequency 229 
high-input voltage 227 
JFET 226 
low-input voltage 230 
MOSFET 223, 228 
Circuit design 26 
Class A operation 117 
Class AB operation 120 
Class B operation 118 
Class C operation 121 
Clipping 132 
Closed-loop gain 159 
Coils, RF 30 
Color temperature 92 
Colpitts oscillator 265 
Common-emitter Darlington 138 
Commutator, FET switch 235 
Complementary amplifier 134 
Complementary symmetry circuit 156 
Conjugate 38 
Conjugate match 40 
Constant-K filter 7 
Conversion gain 175, 182 
Converter 
one-transformer 255 
RF 174 
transistor 235 
two-transformer 257 


Coupling 
amplifier 112 
capacitors 110, 156 


effects of 115 
Crossover distortion 149, 159, 163 
Crystal-controlled oscillator 265 
Crystal oscillator 276, 280 
Cutoff, low-frequency 133 


D 


Darlington compound 136, 138 
Datasheet graphs or RF 194 
D-C amplifier 134 


D-C amplifier (FET) 139 
Decoupling capacitors 109 
Direct coupled amplifier 134 
Direct coupling 113 
Distortion 132 

Driven inverter 241 

Drift in choppers 214 
Dual-gate chopper 231 


E 


Efficiency, amplifier 150 
Emitter bypass 125 
Emitter follower 137 
Emitter injection 177 
Emitter resistance 172 


F 


Feedback 123, 127, 133 
Feedback oscillator” 277 
Feedback problems 50 
FET amplifier 127, 140 
FET (field effect transistor) 

amplifier 127, 140 

analog switch 223 

chopper 215, 221 

switch 215 

with two-junction transistor 144 
Fiber optics, phototransistor 90 
Filter 1 
Filter capacitance, effects of 165 
Filter RC 111 
FM tuner 203 
Forward transadmittance 34 
Four-transistor amplifier 161 
Frequency, AF amplifier 107 
Frequency calculations for filter 16 
Frequency multivibrator 68 
Frequency oscillator 278 
Frequency response 115 
Frequency stability 272 


G 


Gain, conversion 175, 182 
Gain versus stability 125 


Gallium arsenide (GaAs) 96 
General power gain 41 


H 

Harmonics in oscillators 269 

Hartley oscillator 266 

High-current multivibrator 66 

High-cut filter 3 

High-cut filter (active) 18 

High-frequency design, phototransistor 
99 

High-pass filter 2, 9, 15, 111 

High-pass filter (active) 19 

H-pad 22 

H-pad (bridged) 24 

Hybrid circuits 135, 144 


Illumination sources, phototransistor 
85 
Impedance 
coupling 114 
match 50 
matching, RF 191 
stray 112 
Inductance frequency limits 
Inductive coupling 114 
Inductor inverter 243 
Injection, mixer 177 
Input:admittance 34 
Input transformer 154 
Inverter 
bridge type 244 
common-base and 
common-collector 238 
component selecting 250 
design 250, 254 
driven 241 
resistive-coupled 242 
saturable base inductor 243 
series 244 
single transformer 241 
specifications, 246 
speed-up circuits 


112 


248 


Index 305 
starting circuit 247 

transformer 251 

transistor 235 

two-transistor 239 
Irradiance, effective 92 
Irradiance, phototransistor 89 


J 
JFET chopper 226 


L 


LC filters 5 

LC oscillators 265 

LED (light emitting diode) 96 
LED, phototransistor logic 105 
Lens systems, phototransistor 89 

L filter. 7 

Light sources, phototransistor 87 
Linearity of sawtooth oscillators 64 


Line operation amplifier 166 
Linvill C factor 39 
Local feedback 123 
Local oscillator injection 175 


Logic circuits, phototransistor 105 

Loop feedback... 124 

Loudspeaker grounding 161 

Low-current multivibrator 67 

Low-cut filter 2,111 

Low-cut filter (active) 19 

Low-frequency cutoff 133 

Low-frequency design, phototransistor 
97 

Low-pass filter 3, 14 

Low-pass filter (active) 18 

Low-pass filter (LC) 7 

Low power amplifier 156 

L-pad 20 


M 


Maximum available gain 43 
Maximum usable gain 43 
m-derived filter 14 

Miller effect 50 

Mixer circuit 179 

Mixer RF 174 
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MOSFET amplifier 200 
MOSFET chopper 223, 228 
MOSFET oscillator 283, 289 
Multiplier, RF 184 
Multistage amplifiers 131, 146 
Multistage Darlington 139 
Multistage RC filters 5 
Multivibrators 66 


N 


Network characteristics 192 
Networks, RF 180 
Neutralization 40 
Neutralized amplifier 200 
Neutralized solution 43 
Non-blocking amplifier 145 


oO 


Offset current 209 

Offset voltage 209 
Oscillator circuit design 265 
Oscillators, sawtooth 60 
O-pad 20, 23 
Operating point 
Optics, fiber 90 
Optics, phototransistor 81 
Output admittance 36 
Output power 151 
Overall feedback 124 
Overdriving 132 


116, 140 


P 


Pad 2, 20 
Passive filter 1 
Peaking filter 20 
Phase inversion 133 
Photometric system, phototransistors 
85 
Phototransistor 81 
Phototransistor logic circuits 
Pierce oscillator 269 
Pi-filter 11 
Pi-pad 23 
Plastic transistors 


102 


156 


Point light sources, phototransistors: 87 
Power-amplifier, RF 184 
Power dissipation 168 
Power output 150 
Power supplies, amplifier 
Power supply 168 
Push-pull 119, 151 


164 


Q 
Q-factor (RF) 28 
R 


Radiant’energy 81 
Radiation sensitivity, phototransistor 85 
Radiation sources, phototransistor 85 
Radiometric system, phototransistor 85 
RC 
coupling 113 
filter design 4 
filters 2,111 
oscillator 289 
Refraction, fiber optics 91 
Regenerative amplifier 121 
Relaxation oscillator 291, 297 
Resistive-coupled inverter 242 
Resistor frequency limitations 109 
Resonant circuit, oscillator. 279 
Resonant circuits (RF) 26 
Resonant frequency 28 
Reverse transadmittance 36 
RF 
amplifier design 30, 170 
circuit design 26 
coils 30 
design 194 
mixer and converter 
multiplier 54, 184 
power amplifier 52, 184 
voltage amplifier 48, 170, 200 
Rolloff, amplifier 115 


174 


) 


Sawtooth oscillators 60 
Schmitt trigger 72 


Secondary breakdown 146, 167 
Series chopper 211 

Series inverter 244 

Shunt chopper 214 
Single-ended output 166 
Single transformer inverter 
Solid-state light sources 96 
Source bypass 128 
Spectral response, phototransistor 84 
Speed-up circuits, inverter 248 
Stability factors (RF) 39 

Stability RF 175 

Stability versus gain 125 

‘Stage feedback 123 

Stage gain 172 

Starting circuits, inverter 247 

Stray impedances 112 

Steady-state design, phototransistor 97 
Stern k factor 39 

Stern solution 40, 44 

Sufficient feedback 127 

Supply voltage 172 

Switch, FET 215 

Switches, transistor 207 

Switching, phototransistor 100 
Switching time, multivibrator 68 
Symmetrical attenuator (pad) 2 


241 


T 


T filter. 8 

Thermal runaway 159 
Three-transistor amplifier 
T-pad 22 

T-pad, bridged 24 
Transadmittance, forward 34 
Transadmittance, reverse 36 
Transducer gain 41 
Transformer characteristics 
Transformer coupling 114 
Transformer inverter 251 


157 


151, 172 
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Transistor 

converter 235 
frequency limitations 
inverter 235 
oscillator 272 
switches 207 

Trigger, Schmitt 72 

Tuner, FM 203 

Tungsten lamps, phototransistors 92 

Tuning networks 48 

Twin-T oscillator 287 

Two-junction transistor amplifier 123 

Two-junction transistor multivibrator 
66 

Two-port networks 30 

Two-transformer inverter 239 


108 


U 


UIT (unijunction transistor) 
multivibrator 70 
oscillator 297 
regenerative amplifier 121 
sawtooth oscillators 61 


Vv 
Variable-frequency oscillator 281 
Vector algebra 32 


Voltage amplifier, RF 200 
Voltage variable capacitor (VVC) 54 


W 


Wave-generating circuit design 60 
Worst case design 67 


Y 


y-parameter 32, 33 
y-parameter measurements 36 


